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CARBON, HYDROGEN, AND OXYGEN

By Eldon W. Hall and Richard J. Weber

SUMMARY

Tebles and charts of gas properties are presented for use in ther-
modynemic calculations for engine cycles involving the combustion of
air and any fuel or combination of fuels containing carbon, boron,

v hydrogen, and oxygen.

COo-1

Dissociation and phase changes may be accounted for with the method
presented, which does not require the presentation of separate data for
each fuel-air ratio. Calculations are limited to stoichiometric or .
lesser fuel-air ratios. With boron-containing fuels, either equilibrium
or frozen expansion may be assumed with respect to phase changes. '

Equations and examples are given illustrating calculations of com-
bustion temperatures, expsnsion processes, and flow areas.

INTRODUCTION

Regearch in aircraft propulsion systems has, in recent yearé s
focused increasing interest on the use of higher combustion temperatures
and comparatively unconventional fuels (ref. 1).

In order to evaluate engine designs or to compare different fuels,
estimates of engine performance must be derived by thermodynamic analyses
of the engine cycles. The analyses are often quite sensitive to changes
in the properties of the gases flowing through the engine. Different
fuels may produce combustion products with widely different thermodynamic
properties even at low temperstures. Some fuels may even produce solid
products of combustion. In addition, with any fuel, high temperetures
may significantly change the specific heats of the geses and even cause
dissociation. Therefore, a need exists for methods of calculating ther-
modynamic processes that take into account varistions in ges properties.
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A straight-forward calculation of the cycle including dissociation,
if done in the classical manner, requires information on such factors as
equilibrium constants and specific heats that usually is not readily
available to the engine researcher; in any case, an inordinate amount of
work is required by this method. 8implifying methods and data are gen-
erally available for conventiomal hydrocarbon fuels of the gasoline type
(e.g., refs. 2 and 3). Some reports, such as references 4 and 5, indi-
cate performance trends with variations in operating conditions for cer-
tain fuels and can be used to compute engine performance with these fuels
over limited ranges of conditions with reasonable accuracy. These re-
ports are not adequate for the wide ranges of operating conditions and
the variety of fuels proposed for future propulsion systems.

The purpose of the present report is to provide a practical method
for calculating combustion temperatures and compression or expansion
processes for all temperatures and pressures likely to be encountered .
in an air-breathing aircraft engine. Date are presented for air and
waeter and for the combustion products of boron, carbon, hydrogen, and
several other fuels of particular interest. A technique is presented
for combining the given data in order to obtain similar data for fuels
composed of boron, carbon, hydrogen, and oxygen in any proportion. Any
fuel-air ratio not exceeding stoichiometric may be specified. Although
not exact for all conditions, the accuracy of the presented method is
suitable for most engine calculations.

Results for the given fuels are presented in the form of tables of
specific heat, enthalpy, and entropy as functions of temperature for use
when the effects _of dissociation are negligible.j Charts of enthalpy and
entropy for 1 ra.nges of both temperature and pressure are given for use
vwhen dissociation effects are large. $

The method and basic deta used to derive the presented tables and
charts were taken from referencg__ﬁ_ﬁ) Improved data for the properties
of boron oxide B,0z have Tecently been obtained and have been incorporated
in the results of the present report. These regults were derived over a
period of years for use in cycle analyses at the NACA Lewls laboratory.
They are being published now as an aid to others engaged in similar
studies.

SYMBOLS

The following symbolg are used in this report:

A streambube area, sq ft “H‘\-, .
°s gpecific heat at comstant pressure, Btu/(1b)(°R)
. GNP

Rk T

TIeE
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X(or Y)

x{or )

function of fuel type

kinetic emergy, WVZ/ZgJ} Btu/sec

Jet thrust, 1b

function of fuel type

acceleration due to gravity, 32.174 ft/sec2
total enthalpy, semsible plus chemical, Btu/lb
enthalpy, Btu/lb

mechanical equivalent of heat, £t-1b/Btu
function of pressure and temperature

ratio of gaseous moles to total moles in products of combustion
molecular weight

number of moles

static pressure, atm

partial pressure, atm

equilibrium vapor pressure of saturated 3203, atm

heat transferred out of combustion chamber, Btu/lb
gas constant, 1545/M, £t-1b/(1b)(°R)

entropy, Btu/(1b)(°R)

temperature, °R

flow velocity, f'b/sec

rate of flow, lb/sec

weight ratio of water (or water vapor) to air in unburned
mixture, 1b/1b

equivalence ratio of fuel (fuel-air ratio divided by
stoichiometric fuel-air ratio)

welight ratio of fuel to air

.:vc:.t:'_."vt‘::-ﬂ-.«i
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2 constituents of air other than O,
a,B,7Y,5 number of atoms of B, H, C, and O, respectively, in fuel
molecule
€ ratlo of gaseous to total moles of BZOS in combustion
products
A " proportionality factor o
p density, 1bfcu £t z
@ constant-pressure entrqpy,u/FLP %?, Btu/(1b)(°R)
¥ interpolation function
Subscripts:
& air
c condensed s
e exit
8 gas
o embient
P products of stoichiometric combustion
P constant pressure
8 * stoichiometric
w water or water vapor
X,y fuels x and y, respectively

1,2,3,4 stations or states
Superscript:

' estimated value
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ANATLYSIS
General Theory

The method of the present report is based on separate calculations
of the thermodyneamic properties (entha.lpy, entropy, specific heat, and
moleculer weight) for (1) air and (2) the products of combustion of a
stoichiometric fuel-air mixture. It is assumed that the properties of
the combustion products for any fuel-air ratio less than the stoichio-
metric ratio may be obtained by linear interpolation between the two ex-
treme cases. As explained in sppendix A, the data for the elemental
fuels boron, hydrogen, and carbon may be combined to provide data for
more complex fuels of the form Ba.HBCTOS’ where o, B, ¥, and b are
arbitrary.

Results of the above method are exact for cases with no dissocia-
tion and for stoichiometric fuel-air ratios when stoichiometric data for
the particular fuel are specifically presented. Essentially, the method
amounts to obtaining data for less than stoichiometric fuel-air ratios
by diluting the products of stoichicmetric combustion with excess air.
The results are not entirely correct when dissociation is present and
(1) the fuel-air ratio is less than stoichiometric or (2) a complex fuel
is synthesized from the elementel fuels. The error with dissociation
arises because the method does not account for the change in the equi-
librium composition of the gases when they are mixed. The error
approaches zero for equivalence ratios near zero and 1, and is a meximum
for equivalence ratios of about 0.5. However, camparison with more
exact methods shows that the error is generally insignificant for en-
glineering celculations (e.g. , error of less than 1 percent in combustion
temperature is expected).

Charts of thermodynamic data that include the effects of dissocia-
tion are given for air, water vapor, and the products of stoichiometric
combustion of hydrogen, carbon, CH,, and pentaborane BgHgy. Tables of
datae that neglect dissocistion are given for the above substances and
also for the combustion products of CH, CHz, CHs, boron, diborane BoHg,
and ethylene decaborane BlOHlSC2H5° Tabular data are also given for
the properties of the constituents of air other than oxygen in order to
Pacilitate the cambining of data to derive the properties of other fuels
(as further discussed in appendix A).

A large number of significant numbers have been retained in the
tables to avoid inconsistencies and rounding-off errors. This is not
meant to imply that the data are necessarily accurate to such high
orders of precision.
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Calculation of Gas Properties

Without dissociation. - The composition of the products of combus-
tion was calculated for air and the gtoichiometric quantity of each fuel
with assumptions of no disgociation and complete combustion. The fol-
lowing composition was assumed for air:

Constituent Percent by volume|Percent by weight

)
Nitrogen 78.09 75.525 §
Argon .93 1.286
Carbon dioxide .03 .046
Oxygen 20.95 23.143

Table I lists the stoichiometric fuel-air ratios for various fuels based
on this composition of air. Other properties are also given, the use of
which is given in following sections. For each fuel, the specific heat
Cps enthalpy h, and constant-pressure entropy @ were camputed for

temperatures from 350° to 6000° R by uging the tables of thermodynamic
properties for various pure substances given in reference 6. The re-

sults are presented in tebles II to X for S0° increments of temperature &
up to 4000° R and 500° increments thereafter. Also tebulatéd are the
interpolation functions defined as follows:

1
Wep) = ::st (ep,p - Cp,a!

1

¥(n) = —;:B (bp - hg)
1+

¥e) = =5 (o - 04)

Use of these functions is explained in a following section.

Fuels containing boron have the compound BZOS as one of the combus-
tion products. This compound may exist in either the gaseous or con-
densed (liquid or solid) phase. The relative proportions of each phase
depend on the temperature and pressure. The tebles of thermodynamic
properties for boron fuels were obtained both for the case of gaseous
3203 and for the case of condensed B50z. In appendix B a method is de-

rived for picking the proper case or combination for use in a cycle
calculation.

With dissociation. - Equilibrium compositions of the products of a
stoichiometric combustion of various fuels were computed for a wide

AGRe—
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range of temperatures and pressures. The calculatiopns were carried out
on an IBM card-programmed ccmputer by using a successive-approximeticn
procedure presented in reference 6. The required values of equilibrium
constants were also taken from reference 6.

Enthalpy, entropy, and moleculsr weight were then calculated for
the dissociated products in the same manner as described for the un-
dissocigted products. For the calculaetions with dissociation, air was
assumed to have the following composition:

Constituent |Percent by volume [Percent by weight

Nitrogen 72.050 76.764

Oxygen 20.950 23.236

Fewer constituente were assumed than for the undissociated case in order
to simplify the calculations. Actually, the correct composition to use
is somewhat indefinite since there is an appreciable variation with alti-
tude. In any event, the presented data are insensitive to the exact
camposition of the air assumed, provided the proportion of oxygen does
not change.

The calculations covered the range of temperatures from 360° to
over 6000° R and pressures from 0.001 to 100 atmospheres. The data were
computed at temperature intervels of approximately 500° R in the high-
temperature region; pressure intervals were, in general, taken in powers
of 10 (i. e., 0.001, 0.01, 0.1, etec. ). Additional points were obtained
in the regions of phase changes

In contrast to the use of tables for the undissociated data, the
data with dissociation are presented in the form of charts. Two inde-
pendent variables, temperature and pressure, would otherwise result in
very large tables requiring the use of double interpolation. Further-
more, the accuracy of the method probably does not warrant such preci-
sion. The data are plotted in figures 1o 6 in the form enthalpy ver-
gug pressure, with lines of constaﬁb\temperature and constant entropy.
This arrangement haes the adventages of minimizing waste space on the
diagrams and of permitting linear interpolation for the most commonly
occurring celculation requirements.

Molecular weights of the various substances are plotted in the last
part of each figure as a function of the pressure with lines of constant
temperature.

PR S RS
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METEOD OF APPLICATION

Examples illustrating the use of the tables (i.e., without dissoc-
iation) and charts (with dissociation) by employing the equations pre-
sented in the following sections are given in appendix C. The equations
are given for the general case of a mixture of two fuels plus water in-
Jection. Because the equations are general, they appear substantially
more complicated then is normally required in calculations. As pre-
viously mentioned, the method is based on linear interpolation between
the properties of air and the properties of the products of stoichio-
metric combustion to obtain data for equivalence ratios less than 1.
Combustion is assumed to be complete in all cases.

TTeS

Properties at Any State

This section presents equations relating to the calculation of the
enthalpy, entropy, specific heat, pressure, temperature, density, and
gas mass flow rate.

Enthalpy. - Enthalpy may be expressed as a
h = X(1 + xs)hP,x + Y(1 + ys)bP’y + wh,,
+ (1 -X - ¥)h, (Btu/1b air)  (1a)

or

X(l+xs)hP,x+Y(l+ys)hP,y+whw+ (1-X-7Y)n,
h = L +xXx+y+W

(Btu/1b mixture) (1b)

(In all cases where the unit of weight 1b air is used, it signifies a
pound of initial or reacting air before combustion occurs.) The enthalpy
of the products of stoichiometric combustion bp is obtained from

tebles II to X if dissociation cen be neglected or from the charts (figs.
1 to 6), if dissociation is significant. Stoichiometric fuel-air ratios
(xs and ys) for various fuels are given in table I or may be calculated

with equation (A8) of appendix A (neglecting dissociation) and are ob-
tained from the legends of figures 3 to 6 when dissociation is included.

A useful simplification may be made for the dissociation-neglected
data. By algebraic menipulation, equation (lb) may be rewritten

+ W(?_xj_ : Z_Tb’)(rhz)‘: Yy (Btu/1b mixture) (lc) °

h=n,
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in which

l+xs

W) = ~=2 (o - )

l+ys

W) = 78 (np - )

The interpolation factors V¥ are also given in tables II to X and their
use is a time-paving technique in meking calculations.

For the special case of boron-containing fuels, values of ¥(h) are
read from the tables for both gaseous and condensed B203 and then com-
bined as follows:

¥h) = e¥(h) + (1 - e)y(n,) (14)
This result is then used in equation (lc) as though it had been obtained

directly from the table. The value of € must be computed by the fol-
lowing equation (derived in appendix B):

. 1 _ XC, + YO + 4.773 (16)
P/szos ) X oy oLy
2D
% 2Dy

in which P is the static pressure of the cambustion products in atmos-
pheres, Pp_o is a function of temperature only (given in table XI or

fig. 7), and G, %, and D are functions of fuel type listed in table
I (or calculated from egs. of appendix B).

Entropy. - Equations for entropy to be used with the charts are
similar to those for enthalpy. Entropy may be expressed by

8 =X(1 + xS)SP’x + Y(1 + ys)sl,’y +ws, + (1 -X-7Y)s,

(Btu/(1b air)(°R))  (2a)

r

or

o _X(L + x)8p x + Y(1 + ¥g)8p,y + By + (L - X - Y)8y
- l+x+y+Ww

(Btu/(1b mixture)(°R)) (2b)
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The tables of dissociation-neglected data give only that part of
the entropy that is a function of temperature @. That is,

R
(P=S+j.ln]?

The value of @ for the products of combustion of a mixture of fuels
and less than stoichiometric fuel-air ratio is given by

xp(o, ) + y¥(o,) + o

R e (Btu/(1b mixture)(°R)) (2c)
where
1+ Xg
Vo) = Bpx - @)
1+ Yy
\l"(q)y) = T (CPP;Y = cPa)
For the boron-containing fuels,
¥(o) =evle,) + (1 - e)¥(e,) (24)

Specific heat at congstant pressure. - The specific heat is not re-
quired for cycle calculations when the enthalpy and entropy are known.
However, the specific heat is often useful in finding the temperature
corresponding to a given enthalpy or entropy (a.s illustrated in one of
the examples of appendix C). Interpolation factors \lr(cp) are given in

the tables and the specific heat of the mixture of combustion geses is
given by

cP = CP:a + xw(cp’}lf)++xy-qu(3crp—;-y3r u e L (Btu/(lb mi}cture)(OR)) (3&)

Again, for the boron-containing fuels, an equation similar to (1d) or
(2d) may be used to find w(cp).

The specific heat for dissociated products is not specifically
shown on the charts. However, by definition,

(8

Therefore, the specific heat may be approximated by reading from the
chart the change in enthalpy Ah corresponding to a small change in

TT6E
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temperature AT (along a constant-pressure line) and forming the ratio
of these two quantities. The ratio from each chart may be combined
for less than stoichiometric fuel-air ratios as follows:

% =X (1+ xs)(%) + Y(1 + ys)(%) + d(%)
P,x P,y w

Cp =
+(1-%- x)(%) (Btu/(1b air)(°R)) (3b)
8,
or
X(1 + xg )(%)P,x + ¥(1 + ys)(%)P,y + w(%l)w +(1-X%- Y)(%)a
Cp = T+x+y+w

(Btu/(1b mixture)(°R)) (3c)

Pregsure. - The pressure of a mixture of gases is equal to the sum
of the partial pressures of the constituemts. Also, when dissociation
is present, the composition of the mixture is a function of the pressure.
Therefore, one way to approximate the composition and properties of the
mixture of combustion products is to read data fraom the charts for air
and for the stoichiometric products, each at the partial pressure it
would have efter being hypothetically mixed (according to the interpola-
tion method of the present report). However, numerical calculations
have shown that equally good or better results are usually obtained if
the actual static pressure of the final mixture is used for reading each
of the charts.

Pressure does not ordinarily affect the gas composition and thermo-
dynamic properties when dissocigtion is not present and the tables are
used. As previously mentioned, however, an exception must be made when
B50z is pregent in the combustion products (as it always is when the fuel

contains boron).

Temperature. - The equilibrium temperatures of all constituents in
a mixture are equal.

Molecular weight. - The molecular weight of the combustion gases
(not including eny condensed B,O which may be present) is given by

We M
My =5 % Q)
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where

(5e)

¥o,05 69.64 (z_nx_ b Y) )

X —+ YEZ+ 138.269
D D
X y

- lL+x+y
M= (5e)
X(l+x8)+Y(l+yS)+l_X_Y

MP,x MP;Y 28.97

XGy + Yy + 4.773

%% %y
= X + Y ,
k = “Px 2y (5da)
X6y + TGy + 4.773
e S A

2D 2D
X v

+ €

+ 1

The value of & is calculated from equation (le). The quantities
a/2D, @, and the molecular weight of the fuel M are functions of the
fuel type and are listed in table I. The quantity Mp 1is the molecular

weight of the products of stoichiometric combustion and is given at the

top of the table for each fuel for use when dissociation may be neglected.

The last part of each of figures 1 to 6 gives the variation of MP with

temperature and pressure when dissociation is taken into account and the
charts are used.

Gas flow per unit area. - The flow of gas per unit area is

Ve
3 = PV ((1v/sec)/sq £t) (6)
where the density of the gases is given by
PM
2116
Pg ~ 1545 (—Tf&) (To/eu £t)

z: o —

Ti6S
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in which P 1is the static gas pressure in atmospheres, T is the tem-
perature in °R, and M_ is calculated from equation (4). Combining

equations (4) and (6) gives the total weight flow per unit area

¥ %g_(%)@)v ((1b/sec)/sq £8)  (7)

Combustion

The equation for the combustion process follows directly from the
equation for conservation of energy. The enthalpy of the gases after
cambustion is equal to the sum of the enthalpies of the entering con-
stituents (including the chemical energy of the fuel) minus any energy
lost through heat transfer and minus the increase in kinetic energy of
the gases, as given by

xB; + yﬂ§-+ Vi g F ha,l +E = x(1 + xs)hP,xz +Y(1 + ys)hP’y,2 +
why o (L-x - Y)ha’z +Q + By (8a)
(Btu/1b air)
where stations 1 and 2 represent the conditions before and after com-
bustion, respectively. Values of initial fuel enthalpy, including the
chemicel energy (H; or H§) are listed in table I for various fuels.
When dissgociation is sufficiently small to allow use of the data

of tebles IT to X, equation (8a) may be rewritten in the form of equa-
tion (lc) as

XH;,l + yH;’l + by ) kg g b By = (L+x+ V)hy o + x(hy), +
+ + Q + Btu/1b air
T¥(hg)p + by 5 + Q + By (Btu/ ) (sp)

Equation (8a) or (8b) may be used to find the temperature after
combustion or to find the regquired fuel-air ratio for a given combus-
tion temperature.

Isentropic Processes
During an isentropic process the total entropy, that is, the sum

of the entropies of all constituents, remains constant. Actual caompres-
sion and expansion processes generally are only approximately isentropic

but may be treated as isentropic if suitable efficiency factors are used.

"N'::L"\»—-.i., ~.-~i
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For an isentropic campression or expansion,

SZ = SS (98.)

where stations 2 and 3 represent the conditions at the beginning and end
of the process, and values of S are calculated according to equation
(22) or (2b). Although the total entropy remains constent, the entropy
of any constituent (sueh as Sa) ordinarily does not. Differences in
the specific heats of the various constituents cause heat to be trans-
ferred from one constituent to another with consequent changes in entropy
if, as assumed, the final temperatures of all constituents are the same.

The constant-entropy process may be written as follows when the
tables are used:

Sz = 53
1.987
0y - 035 = =5 (K - Kz) (9p)
vhere
K=1nP (for & 21.0)

k - ¢
1-¢ In(P - Py

)+ Eﬁl-:—gl In pp (for e < 1.0)
203" 1-¢® 2’3
ané ¢2 and ¢3 are functions of temperature only and are calculated

using equation (2c). Since no dissociation is assumed when the data of
tables IT to X are used, the values of € are constant unless there are
phase changes during the process. For the special case in which the
B0z (if any) does not change phase throughout the process, equation

(Sb) reduces to
k. 2
¢, - @z = 1.987 § In B, (9c)
An energy balance for the isentropic process is written as

n, + V2/287 = by + Ve/287 + Quupput + (Hork)gupput (10)

where h is evaluated from either equation (1b) or (lc) at both the
initial and final conditions.,

TT6S
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Expansion through a nozzle is an important process in jet engines
vhich is approximately isentropic. From equation (lO) » the ideal nozzle-
exit velocity is given by

Ty = 267 b + V2 (et/sec)  (11)

where the units of Ah are Btu per pound of mixture. The actual exit

velocity is usually defined by applying an efficiency factor or a veloe-
1ty coefficient to the ideal velocity.

The jet thrust produced by a nozzle may be expressed as the sum of
the fluid momentum and a pressure force acting on the exit area as
follows:

Py = 5 Ve + he(Pe - Bo) ()  (12)

where station e 1s at the nozzle exit and station o is at ambilent
conditions. Complications arise in the use of the gbove equation when
part of the combustion products is condensed. If the particles formed
are small enough to be carried along and eJected gt the same velocity

as the remaining gases, the jet thrust is that computed by equation (12)
If the particles are large and are therefore ejected at essentially

zero velocity, equation %iz) is approximately correct if the mass flow

W is replaced with the gas mass flow Wg. The ratio Wg/W is given

by equation (5a). In any case, when condensed products are present, the
exit area A, 1is computed using equation (7).

DISCUSSION

Representative examples of the use of the equations for applying
the tebles and charts for thermodynamic calculations are given in appen-
dix C. Other uses, not illustrated herein, might include calculations
involving reheat (e.g., turbojet afterburning) or water injection.

When substential dissociation occurs in the combustion chamber of
an engine, it is necessary to use the charts to calculate the correct
gas temperature. Combustion temperatures calculated by using enthalpy
velues from the tables (i.e., without accounting for dissociation) may
be too high by several hundred degrees. Nevertheless, engine calcula-
tions carried out at the NACA Iewis laboratory indicate that, for a
given fuel-air ratio, nearly correct values of thrust and efficiency re-
sult from using the tables, despite the error in combustion temperatures.
Whenever possible, use of the tables rather than the charts is suggested,
gince the former generally reduce the computational effort.
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When the charts are used, it must be remembered that chemical equi-
1ibrium at all times was assumed in their derivation. This assumption
may not be valid at some times, for example, during rapid expansion
through a nozzle. When the tables are used, it is possible to assume
frozen equilibrium with respect to phage changes (i.e., congtant &€
during the expansion).

It is previougly pointed out that data for fuels other than those
given in the present report may be derived by suiteble combinations of
the given tables or charts. An example of this technique, which is de-
rived in appendix A, is also given in appendix C. A value of enthalpy
calculated for CH, by this method agrees within 0.6 percent with the

value: read directly from the chart for this substance.

The authors of reference 6 point out that meny of the basic data
in that report are of uncertain accuracy. In fact, since the calcula-
tions were undertaken for the present report, significantly different
data have been published for the properties of B203.a However, the
tables and charts presented herein, which are otherwise based entirely
on the data of reference 6, are believed sufficiently accurate for most
practical studies of aircraft propulsion systems. Values of enthalpy
for a given temperature and pressure can be estimated from the charts
to within about 5 Btu per pound; the precision in reading entropy is
about 0.005 Btu per pound per °R. Meximm systematic errors in the use
of the charts would occur at high cambustion temperatures and equivel-
ence ratios near 0.5, since the composition of the gases is approximated
by diluting stoichicmetric combustion products with air without account-
ing for the changes in equilibrium. A typical calculation, for the com-
bustion of ByH;, resulted in an error in the calculated combustion tem-

perature of 19° R out of 4470° R that is probably due to this effect.
The error in calculeting cambustion temperatures by using the charts is
not expected to exceed 1 percent in the worst cases.

CONCLUDING REMARKS

Tables and cherts of gas properties are presented that allow ther-
modynamic calculations for engine cycles involving the combustion of
air and any fuel containing carbon, boron, hydrogen, and oxygen.

BThe data given in reference 6 for B;0z are based on those of ref-
erence 7. Recent work (ref. 8), however, tends to substantiate the
appreciably different data presented in reference 9. The authors of
reference 6 found that these revised dsta could easily be incorpor-
ated with acceptable accuracy by increasing the values of enthalpy
(for gaseous B,0;) by 12.2174 kecal/mole and reducing the logarithm of

the gaseous equilibrium constant by 2670.09/T (where T is in ©K).

ARSI T

TL6E
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Dissociation and phase changes may be accounted for with the method
presented, which does not require the presentation of separate data for
each fuel-air ratio. The method and date presented permit, with a min-

imm of error, calculations that would in many cases be otherwise very
laborious.

Equations and exampleg are shown illustrating calculstions for
(1) Combustion temperature or fuel-air ratio '
(2) Isentropic processes
(3) Flow area
(4) Jet thrust
Lewis Flight Propulsion Laboratory

National Advisory Committee for Aeronautics
Cleveland, Ohio, March 3, 1956
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APPENDIX A

SYNTHESIS OF DATA FOR OTHER FUELS

Data are given, in both tabular and chart form, for the thermody-
namic properties of the products of stoichiometric combustion in air of
boron (pentaborane) » hydrogen, and carbon. These data, when suitably
combined with the chart or table for water, mey be used to calculate
the specific heat, enthalpy, and entropy of the products of stoichio-
metric combustion in air of any other fuel containing boron, hydrogen,
carbon, and oxygen in any proportion as follows:

(l) Write the stoichiometric reaction equation ignoring dissocia-
tion for the desired fuel in the form

BoHpC,0p + D(0; + 3.7732) + a(B0z) + b(H0) + ¢(CO,) + ez (A1)

in vhich Z represents the nonreacting constituents of air (N, etc.).
The numbers of moles D, a, b, ¢, and e are given by the following
equations, which were obtained by equating the numbers of atoms of the
various elements on each side of equation (Al):

w

3 1
D=ZG+ZB+T-’2‘5

o
It
Do
2]

o'
1
|-
™

c=7

e =3.773D J .

(2) Combine the following stoichiometric reaction equations , which
are for fuels that are presented in the tables or charts, so as to dup-
licate the right side of equation (Al). The duplication is achieved by
miltiplying the equations by suitable constants and then adding or sub-
tracting one from another.

4B + 3(0y + 3.773Z) = 2By0z + 3(3.773Z) (A3a)

2BcHy + 12(0p + 3.773Z) = 5Bp0z + 9Hp0 + 12(3.7732Z) (A%b)

TI6E
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2H, + Op + 3.773Z - 2H0 + 3.773% (As)
C + Oy + 3.773Z = COp + 3.773Z (A5)
H,0 = Hy0 (a6)

Note that, if dissocistion is neglected, the products of stoichiometric
combustion in air of any fuel containing only B, H, C, or O comprise
(at the most) B0z, Hy0, COp, and Z. It is possible to cbtain the de-

sired proportions of B,0z, Hp0, and COp by combining equations (A3),%

(A4), and (A5). In general, combinations of these three equations do
not yield the correct number of moles of Z. However, it is observed
that subtracting twice equation (A6) from equation (A4) leaves only Z

in the products. This value can then be used to duplicate the number
of moles of Z in (Al). It is necessary to perform this subtraction to
obtain Z when using the charts, but a sgpecial table of the thermodynamic
properties of 3.773Z is provided (teble X) for convenience in combining
the tables of undissoclated data.

(3) In order that the result of the combination described above be
on the basis of 1 pound of stoichiometric products of the new fuel, each
equation used ((A3) to (46)) must be multiplied by the ratio of the
weight of the constituents of that equation to the weight of the con-
stituents of equation (Al). The weights of the constituents of equations
(A3) to (A6) are given in the following teble:

Combustion products of -|[Equetion| Welight
4B %ASag 458,087
2BgHg A3b 1785.571
2H, (A4) 142.301
c (A5 150.279
H,0 A8 18.016
3.773% - 106.269

The weight of the constituents of equation (A1) is given Dby

Weight = 10.82q + 1.0088 + 12.0ly + 165 + 138.269D (A7)

87 chart is not given for the combustion products of B; therefore,
equation (A3a) may be used only in conjunction with the tables of undis-
socisted data. If dissociation is to be included, equetion (A3b) may
be used instead, since a chart is given for the products of B5H9.
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This procedure results in an expression that tells in what propor-
tions to combine data from the charts or tables in order to obtain vel-
ues of enthalpy, entropy, or specific heat for the gtoichiometric com-
bustion products of the new fuel. These calculated stoichiometric val-~
ues are used for less than stoichiometric fuel-air ratios according to
the equations in the main body of the report as though they had been
read directly from one of the tables or charts. The stoichiometric fuel-
air ratio needed for these equetions is given by

_ 10.820 + 1.0088 + 12.0ly + 1638

Xg 138 . 260D (a8)

(The constants used in this and the preceding equations are based on the
composition of air assumed for the calculations neglecting dissociation
but cen also be used with the charts with little error.)

In calculating combustion processes it is also necessary to know
the total fuel enthalpy HP. Values of H° for a number of fuels are
given in table I. Values of the heat of formation of a large number of
boron-hydrogen-carbon fuels may be found in reference 10. Other values
are given in reference 6, which also explains the method for calculating
the total fuel enthalpy from the heat of formation.

Example. - An example may make the sbove procedure more understand-
able. Suppose ccombustion of CO in air is desired. The properties of
the stoichiometric combustion products of this fuel are not presented
specifically in the tebles, so it is necessary to derive the properties
through combinations of the other tables (or charts). By writing the
formula for the fuel in the form Baﬂﬁcroa, it may be seen that

a=20
p=0
T =1
5=1

Substituting these values in equations (A2) gives

D = 1/2

a =20

b=0

c =1

e = 1/2(3.773)

e

TTee
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Equation (Al) then becomes, for this fuel,
CO + 1/2(0y + 3.773Z) + CO, + 1/2(3.773)z (A9)

The right-hand side of equation (A5) is observed to equal the right-hand
gide of equation (A9) except for the inequality in moles of Z. Sub-
tracting twice equation (A6) from (A4) gives

Gopo
(- o] s

The braces used here and in following sections denote the products
of %omI;ustion of each substance according to the reaction equations (A3)
to (A6

and 8o,

The weight of constituents of equation (A9) is found by substitu-
tion in equation (A7), which gives

Weight = 0 + O + 12.0L(1} + 16(1) + 138.269(1/2) = 97.14

Equation (Al11l) is then rewritten on the basis of 1 pound of pro-
ducts of combustion as follows:

(- ) 3 e ) - e o)
1.547 {3} - 0.732 {Hz} + 0.185 {HZO} (A12)

Equation (A12) is the basic equation telling how to combine the velues
of thermodynamic properties of combustion products of C, Hy, and HpO in

order to obtain the thermodynemic properties of the stoichiometric com-
bustion products of CO. If the tdbles are used, equation (AlO) is un-
necessary because the properties of 3.773Z are listed in table X, and

o) -2 {3} - o0 {2 -

The stoichiometric fuel-air ratio for CO as given by eqguation (A8)

is

0+ 0+ 12.01(1) + 16(1)

Xg = 138.269(1/2) = 0.4052
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APPENDIX B

BORON FUELS WITH CONDENSED B0

When a fuel containing boron is burned in air, the atoms of boron
combine with oxygen to form B;0z, which under some conditions exists in

the condensed phase (solid or liquid). The tables of thermodynamic data
for boron-containing fuels were therefore prepared for the two cases:
(1) a1l the B0z is gaseous and (2) all the B,O; is condensed (crystal-

line for temperatures under 1301.7° R, and liquid for all higher temper-
atures). This appendix derives a method for selecting the proper case
to use in engine calculations. In meny situations both gaseous and con-
densed By,Oz is present, and both cases must be combined for a correct

solution.

From equations (Al) and (A2) of appendix A, the reaction equation
for stoichiometric combustion of a fuel containing arbitrary amounts of
boron, hydrogen, carbon, and oxygen is

% (BGHBCTOS) + Oy + 3.773Z~ %I:% a(B,05) + % B(H,0) + y(cozﬂ + 3.773%
(B1)

where

For an equivalence ratio of less than 1.0, the reactlon equation becomes

X

Dx (Baxﬂfngxoax) *Og ¥ 57T
X |1 1 (o)l + (1 - X)op + 3.7732  (B2)
D, |2 g (Ba03) + 5 By(B0) + 75 (COR) + (1 - X)Op + 3.

This equation may be expanded for the more general case of a mixture of
two fuels to read

X Y
— (B ] + — (B, H 0 + 0o + 3.773Z
D, ( axHBxcfx ax) Dy ( Ly BYCYY BY) 2

Dl[%- o, (B03) +3 By (Hp0)+ yx(coz)] + g;[%- oy (Bz05) +3 By (H;0) + ry(cozil

+ (1 -X - Y)0o, + 3.773% (B3)

e

TL6Z
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From equation (B3) the total number of gaseous moles of combustion pro-
ducts Ng is

N, = + XG, + YG., + 4.773
g NBZOS Y4 X J 7 (34 )

where, for each fuel,

1
A 30 + B + 25
G="p -l1=ZF% +B+ 4 -2
Now define a factor A such that
= A .
P Ng

vhere P, the static pressure of the combustion products, is equal to
the sum of the partial pressures of the constituents; that is,

P =
PBooz * PE0 ¥ Poon T Po, T Pz

Then, with the condensed B,0z assumed to have essentially zero partial
pressure,

Y
Pp,0, 1‘IBzog,g

80

N, = E

® PB,05

Substituting equation (B5) in (B4) gives

NBZQS’ g (B5)

1
N = —————— (XG, + YG, + 4.773) (B6)
B203,¢ FlPpo, - 1 Ty

Define a new term ¢ eq'ual to the ratio of gaseous to totel moles of
B,0x3;
2-3?

N
0]
e = 0293,
8,02
From equation (B3),
%yt

B7
NB,0; = 2p. * 2D, (87)
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Substituting equations (BG) and (B7) into the definition for € gives ’
as a final result,

. 1 XGx+YGy+ 4.773 (BB)
.P/PBzos - ;%;X+%Y

The following similar expression may be derived for the ratio k
of gaseous to total moles of the combustion products:

Since

N = Ng + NBZOS - NBZOS,g

k may also be written

i)
g/NBz 05 28

B N + 1 -
g/NB203,g T 1

k (B9)

Combining equation (B9) with equations (B5) and (B8) gives
XGy + YGy + 4.773

b S
e Xty ¥

k =
XG-X+YGy+4.775

_ai.x.l.gy_y

2D, ZDy

Expressions have thus been developed which give € and k for any
equivalence ratio, temperature, and pressure (where P3203 is obtained

from table XI or figure 7 as a function of the gas temperature, and G
and CI,/ZD are functions only of the fuel type, values of which may be
calculated from the defining equations or read from table I).

+ €

(B10)

+ 1

Valuee of € as calculated from equation (B8) are used to compute
the thermodynamic properties of the combustion products when the tables
are utilized. For example, for the stoichiometric products,

¥(h) = e ¥(hy, )+ (1 - e)v(n, )

s e 3

TTeZ
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where w(hp, g) is read from the teble for gaseous B,Oz and ﬂr(hp,c)

from the table for condensed B50z. The enthalpy for less than stoichio-
metric mixtures is then calculated in the usual way from

X

h=h, +77% ¥(h)

Similar relations may be written for the specific heat and for o.

Values of k as calculated from equation (BlO) are used to calcu-
late the molecular weight of the combustion gases, which in turn is re-
quired to compute gas densities and flow areas. An equation for the
molecular weight of the gases (not including B50z that may be con-
densed) is derived as follows:

By definition, ‘
W
M=
W
Mg =
g
N
= &
k=x
Therefore,
W .
=128
Mg =gy M (Bu,)
Now
W W W
8205 \| "B205
=1 - |1 -
W 0 W
B203
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Aso from equation (B3) s
%x Yy
8,04 (ﬁx X+ Y)Mazos

W X Y
T)x—Mx'*'B}:My"'MO,Z

(B12)

where Mx and M%, denote the molecular weight of fuels X and Y
1), Mp,o, is the molecular weight of BpOz (69.64), and

My 5 is the weight of air per mole of O, (138.269).
J

( given in table

The average molecular weight of all the combustion products is

l+x+y
M= (B13)
X(l + XS) . Y(l + yB) + 1-X-%
MP,x I'%,y My

where the values of Mp and Ma are given at the head of tables II to
X for each fuel. :

Equation (B1ll) can then be written

M, = |1 - 1 -e) %303]% (B14)

in which & is_given by equation (B8), k by (B10), Wy o /W by (Bl2),
and M by (B13). 2"3

Ti62
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APPENDIX C

TLIUSTRATIVE EXAMPIES OF USE OF EQUATIONS AND DATA
Several examples are pi‘esented in this section illustrating the
use of the equations and data presented in this report.
Combustion and Expansion of Pentaborane
and Air with Dissgociation

Agsume the following conditions at the entrance to the combustion
chamber:

Fuel, pentaborsne BgHg (1liquid)
Equivalence ratio X, 0.8

Combustor inlet-air temperature, 560° R
Combustor inlet-air pressure, 2 atm

First, calculate the combustor-outlet temperature. From figure 3
for BgHy,

Xg = 0.07645

From figure 1, for air at a temperature T of 560° R and a pressure P
of 2 atmospheres,

b, 1 = 248 Btu/1b air

Substituting in the left-hand side of equation (8a) yields
hy = (0.8)(0.07645)(33,828) + 248 = 2317 Btu/lb air
where the value of H° is obtained from teble I.

For simplicity, the momentum-pressure drop due to heat release will
be neglected so that the pressure after combustion is still 2 atmospheres.
It is now possible to solve for the temperature after ecombustion. A
trial-and-error procedure is required to find the temperature T; that
will satisfy equation (8a).
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Assume that T, = 4400° R. From figure 3, for BgHy at a tempera-
ture T of 4400° R and a pressure P of 2 atmospheres ,

', = 2325
"p,2
and from figure 1, for air at 4400° R and 2 atmospheres,
hé’z = 1370
Substituting in the right-hand side of equation (8a) gives
h) = (0.8)(1.07645)(2325) + (0.2)(1370) = 2276 Btu/lb air

which is slightly lower than the desired value of 2317. Agsuming a com-
bustion temperature of 4500° R gives for the enthalpy

h) = 2332 Btu/lb air

vhich ig somewhat high. Linear interpolation then gives as the solution

_ 4500 - 4400 _ o
T, = 4400 + 555 3576 (2317 - 2276) = 4473° R

Now assume the combustion gases are expanded isentropically through
a pressure ratio P2/P3 of 2 in the exhaust nozzle, which corresponds

roughly to the nozzle throat. The entropy before expansion Sz is

calculated by substitution in equation (2a2). From figure 3, at
T = 4473° R and P = 2 atmospheres,

Sp z = 2.227
and from figure 1, at T = 4473° R and P = 2 atmospheres,
8g,2 = 2.183
Then
S, = (0.8)(1.07645)(2.240) + (0.2)(2.183) = 2.355 Btu/(1b air)(°R)

The temperature after expension is found by satisfying equation (9a).
As a first estimate of Tz, try

T4 = 4000° R
From figure 1 at 4000° R and 1 atmosphere,

s! = 2.191

a,3

GRNFTDENT A4

TLee
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and from figure 3 at 4000° R and 1 atmosphere,

SIf, 3 = 2.222
’

The value of S:,') corresponding to Té is
8y = (0.8)(1.07645)(2.222) + (0.2)(2.191) = 2.352 Btu/(1b air)(°R)
Estimating a temperature of 4100° yields
| Sé = 2.362
The correct temperature is obtained by linear interpolation to be
T, = 4030° R

The enthelpy after expansion is obtained by substituting in equa-
tion (la). From figure 1, for air at 4030° R and 1 stmosphere,

ha‘)5 = 1248
and from figure 3, for BgHy at 4030° R end 1 atmosphere,
hP z = 2165
J

vhich gives
hy = 2114 Btu/1b air
The enthalpy change during expension, according to equation (10), is
£h = hy - hz = 2317 - 2114 = 203 Btu/lb air

or

_ by -hy 203

M=—r% °TF (0.8)(0.0764

5y = 19t Btu/1b mixture

From equation (11), the gas velocity is given by

| Vs = 4/(2)(32.2)(778)(191) = 3093 ft/sec

with no losses assumed. If the flow area is desired, it is first necesg-
sary to find the molecular weight of the gases by using equation (5c).
The point on figure 3 corresponding to a temperature of 4030° R and a
pressure of 1 atmosphere is still above the line for k = 1, so all the
products are gaseous. From figure 1, for air at a temperature of 4030° R
and a pressure of 1 atmosphere,

M, = 28.85

S
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and from figure 3 for B5H9
MP = 29.90
By substitution in equation (5c¢),

1 + (0.8)(0.07645)

8,3~ 0.8(1 + 0.07645) L 0.2
29.90 28.85

M = 29.67

Ti6E

From equation (7),

W _ 2116 (29.67)(1.0

A_TZ': = 1545 1.0 4030) 3093 = 31.19 (:Lb/seC)/Sg_ 't

The preceding celculations for station 3 correspond roughly to the
conditions at the nozzle throat. Suppose now a divergent section is
added to the nozzle, which expands the gases to an exit pressure of 0.08
atmosphere (which is found at an altitude of approximately 60,000 £t).

As a first estimste, assume an exit temperature of 3100° R. At a -
temperature of 3100° R and a pressure of 0.08 atmosphere, figure 3 gives
for the entropy of the stoichiometric products

SI" 4= 2.190
’

and figure 1 gives the entropy of air at 3100° R and a pressure of 0.08
atmosphere as

s' = 2.284
a,4

Then the velue of exit entropy at the estimated temperature of 3100° R,
from equation (2a), is
| B
S4 = 2.343

vhich is not equal to the value of S, as desired. Trying one or more
other temperatures and interpolating yields the solution

_ o)
T4 = 3163° R

(Note that this point on figure 3 falls below the saturated vapor line.)
The exit enthalpy calculated for the temperature of 3163° R is

h, = 1479 Btu/lb air
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Therefore,

Oh = 790 Btu/lb mixture

Vv

, = 6292 ft/sec

The flow area at the exit may be calculated as before except that a
velue must be computed for k by use of equation (5d).
Combustion and Expansion of Pentaeborane and
Air without Dissocisgtbtion
Assume the same initial conditions as in the preceding problem,
but this time the tebles are used. The value of total fuel enthalpy
taken from table X as before is
H° = 33,828 Btu/lb
The stoichiometric fuel-air ratio is obtained from the headnote of table
VI and is different from the value used previously because of the 4if-
ferent assumptions for the composition of air:
xg = 0.07615
x = (0.8)(0.07615) = 0.06092
At a temperature of 560° R, the enthalpy of air from table II(a) is
By 1 = 243.0 Btu/1b
By substitution in the left-hand side of equation (8b),
hy = (0.06092)(33,828) + 243.0 = 2303.8 Btu/1b air

To get a first estimate for T2 , assume the combustion products are

stoichiometric. Entering taeble VI at an enthalpy of 2303.8 Btu per
pound gives approximately

Té = 4500° R
At this temperature, table VI gives

¥(h), = 13,192
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and table II(a) gives
= 1350.09
By,2

Substitution of these values in the right-hand side of equation (8b)
yields

h, = (1.06092)(1350.1) + (0.06092)(13,192) = 2236.0 Btu/lb air

Ti6g

The error in enthalpy is

Jala

2303.8 - 2236.0 = 67.8 Btu/lb air

67.8

= T 06058 = 63-9 Btu/1b mixture

For a better value of the combustion temperature, use the specific heat.
From equation (3a), at a temperature of 4500° R,

B 0.06092 _
°p,2 = 0.3051 + (1.06092)(0.7112) = 0.3459 )
B 63.9 _ o
T, = 4500 + gozi=s = 46857 R .

This témperature is 200° R higher than the combustion temperature obtained
in the previous example with dissociation teken into account. The tem-
perature just found is far above that for condensation of the products to
occur, so that the use of teble VI(a), for gesecus B0z, is justified.

Now calculate the expansion pressure ratio. The molecular weights

of the stoichicmetric products end of air are taken from the tops of
tables VI and II(a), respectively;

M = 30.121
M, = 28.967

The molecular weight of the mixture, from equation (5c), is

1 + 0.06092

- = 29.90
M2 (0.8)(1.07615) 22
30.121 28.967

From equation (9¢), -

_ (1.987)(1.0) _
P2 - %3 =""23.90 n 2.0 = 0.0460 )

GRIIF LDENTLAT
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At a temperature of 4685° R,

9, = 2.1830 + (0'06092)(0.4061) = 2.2063

1.06092
So
CP3 = 2.2063 - 0.0460 = 2.1603

Assume that the temperature after expsnsion is 4000° R. At this
temperature,

?; = 2.1353 +

3 1.06092

(0'06092)(0.2948) = 2.1522
For a better estimate, find AS/AT:

¢p,5 = 0.3020 + (%—8%8—3—2—)(0.7044) = 0.3424

NS fp_ _ 0.3424 -5
MW T 4000 8.560X10
Then
TS ~ 4000 + 2.1603 - 2.,1522 = 4095° R

8.560%10~°

The enthalpy at this temperature is

0.06092
= 1227. ——rC =
hz = 1227.0 + (1.06092)(12’905) 1968.0 Btu/1b mixture
while
_ 2303.8 _
b, = T6a6os = 2171.6 Btu/1b mixture
Hence,

AH = 2171.6 - 1968.0 = 203.6 Btu/1b mixbure

vhich agrees reasonebly well with the previous example, despite the
erroneous combustion temperature.

The calculations up to this point are typical for fuels s such as
hydrocarbons, that produce only gaseocus products of combustion. The
temperatures in the present problem have also been high enough to pre-
vent condensation, even though the combustion products of B5H9 contain

Gl
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B;0z. However, if the gases are now further expanded to a pressure of
0.08 atmosphere, there is a possibility of causing some of the 3203 to

condense. (It is noted that in the previous example at this condition
k was less than 1.). Such a phase change requires use of the technique
explained in appendix B.

Assume an exit temperature of 2700° R and check for the presence

of condensed products. From equation (le), o
=
el = 1 0.8(-0.25) + 4.773
4~ 008 _ _ | (0.4167)(0.8)
2.725x107°
1

= 5535 — 7 (13.72) = 0.004675

where the value of 2.725%107° Por szo3 is read from table XI and the

values of -0.25 apnd 0.4167 for G and «f2D from teble I. From
equation (5d),

13.72 4+ 0.004675
T =
k1 = 1375 ¥ 1 0.9324 .

The change in ¢ during expansion is, from equation (9b),

1.987 0.9324 _
Py - @y = 29.90 [ln 2.0 - 1.0 In 0.08] = 0.2025

Py = 2.2063 - 0.2025 = 2.0038

Also, from the tebles at 2700° R,

¢(¢g)i 0.0271 (gaseous B,0x)

i

W(¢c)i -1.1988 (condensed B,0)

So, from equation (2d),

w(w)i = 0.004675(0.0271) + (1 - 0.004675)(-1.1988) = -1.1931

0.060392

T 08093 (-1.1931) = 1.9505

¢i = 2.0190 +
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The value of €P4' calculated from the assumed exit temperature is lower
than the value of ¢ 4 calculated from the pressure ratio across the
nozzle. (Note that 9, is also a function to some extent of the as-

sumed exit tempersture since k is not constant when condensation of
13203 occurs.) It is not possible in this case to obtain a solution by

calculating AS/AT from cP/T because cp does not account for the

heat of vaporization involved in the phase change. A solution is ob-
tained by celculating ¢, and @ 4': for several other assumed values of

T4. The intersection of 0, and. @ i plotted against Ti yields the
answer

= (6]
T4—3084= R

g, = 0.123

4
The enthalpy corresponding to this condition is calculated to be

il

1351.0 Btu/1b mixture

and gives

E

820.6 Btu/1b mixture
V, = 6412 ft/sec
which differs from the value obtained with the charts (including dis-
gociation) by 2 percent.
Expension with Frozen Phase Equilibrium

Recalculate( the final expansion in the preceding problem assuming
that the gaseous B,0z in the exhaust products does not have sufficient

time to condense during passage through the nozzle. Under these condi-
tions,

e =1
k=1
Using table VI(a)(for gaseous B,0z) leads to the following solution:
T, = 2477° R
Lh = 744.7 Btu/lb mixture

Vv, = 6108 ft/sec
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If condensation does not take place, the thermal energy contained in the
vaporized B50z is not recovered in the nozzle, and the jet velocity is

therefore lower.

Combination of C and H2 Charts to Obtain CHZ

Appendix A describes the procedure for combining the presented
thermodynamic data to obtain date for other fuels that are not specifi-
cally presented. As a numerical example, suppose it is desired to cal-
culate the enthalpy of the products of combustion for the following
conditions:

Fuel, CH,

Equivalence ratio, 0.9
Gas temperature, 4000° R
Gas pressure, 0.0l atm

The enthalpy will be calculated from the charts for the combustion prod-
ucts of C and Hy. Since CH, is one of the fuels for which a chart is

presented, there can be a check on the calculation. By referring to
equation (Al), it may be seen that

=0
p=2
T=1
5=0

Substituting these values in equations (A2) gives

D=1.5

a=20

b=1

c=1

e = 3.773(1.5)
PR T,

Ttee
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By substitution in equation (Al),

CH, + 1.5(0, + 3.773Z) ~ H,0 + CO, + 1.5(3.773)z

It is seen that 0.5 times the hydrogen reaction (eq. (A4)) gives for the
cambustion products

%{Hz} = H,0 + 0.5(3.773)z

which, when added to the carbon reaction (eq. (A5)) yields

%{HZ} + {c} = B0 + CO, + 1.5(3.773)2

which contains the correct combustion products for the desired CH,
reactilon. -

The weight of the CH? reactants is obtained from equation (A7) as
follows:

Weight = (1.008)(2) + (12.01)(1) + (138.269)(1.5) = 221.428

and the teble in appendix A gives the values 142.301 and 150.279 for the
reactant weights in the H, and C reactions, respectively. The equation

that defines the method of combining the charts (or tebles) for the stoi-
chiometric combustion products of Hy and C in order to obtain CH, then is

o) - (B} - 23 {e)
0.3213 {} + 0.6787 {C}

At a temperature of 4000° R and a pressure of 0.0l atmosphere, fig-
ure 4 (for carbon) gives

h = 1470 Btu/1b

At a temperature of 4000° R and a pressure of 0.01 atmosphere, figure 5
(for hydrogen) gives

h = 208l Btu/1b
The enthalpy of the stoichiometric combustion products of CHZ then is

hp = (0.3213)(2081) + (0.6787)(1470) = 1666 Btu/1b
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At 1 atmosphere and a temperature of 4000° R, figure 1 (for air) gives
h, = 1334 Btu/lb
The stoichiometric fuel-air ratio from equaetion (Al12) is

Xy = 0.06763

TL6S

thus the enthalpy of the final mixture is
h = 0.9(1 + 0.06763)(1666) + (1 - 0.9)(1334) = 1734 Btu/lb air

As a check on this result, calculate the enthalpy using the chart
for CHZ. From figure 6 at a temperature of 4000° R and a pressure of

.0.0l atmosphere,
bp = 1654 Btu/lb
s0 that the final enthalpy is
h = 0.9(1.06763)(1654) + (0.1)(1334) = 1723 Btu/1b air
The error in calculating the enthalpy of CHZ using the C and Hp charts
is 0.6 percent.
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TABLE I. - TOTAL ENTHALPY AND OTHER PROPERTIES (F SEVERAL FUELS

Fuel Formmla |Moleculnr] Phase | Assigned Total Stoichiometric [¢) D 2]
weight temperature, entl;blpy, fuel-air ratio, )
SR y Xg
Btu/1b (2)
Boron B 10.82 |Crystal | -——— 28,843 0.1043 -1.0 0.75/0.6667
Gas 536.7 21,249
n-Butene C4Hg 58.12 {1.1 quid | 470.8 21,064 06467 .3846| 6.5 |0
Carbon c 12.01 | Graphite 536.7 135,815 .08686 o} 1.0 |0
Gas 536.7 36,575
Diborane ByHy 27.688 {uqn.ga =251 36,263 .06675 0 3.0 | 3535
Ethylene ByoHyxCplis | 150.364 |Liquid 536.7 30,355 .07768 -.2143)14.0 | 3571
decaborane®
Heptane CH g 100.198 |Liguia 556.7 20,608 .06588 .363612.0 [0
Hydrocarbon cxa.ix 14.026x| Iiquid —— ©20,000 .06763 3535 1.5 o
fuel
Hydrogen B, z.o16 [{Ses 1 5587 gg:% .02916 1.0 .5 o
536.7 25,919
Methane CHy 16.042 <Lig“qum 201.0 25:551 05800 .5 2.0 o .
Methanol CHxOH 32.042 [Iiquid 556.7 9,892 1545 1.0 1.5 |0
n-Octane Cghg 114.224 [Liquid 536.7 20,528 .06608 .36 [12.5 [o
Pentsborane BgHy 65.172 |Liquid 536.7 33,828 .07615 -.25 | 6.0 | .4267

8A4r aggumed to consist of the following mole fractions: Ky, 0.7809; 0p, 0.2095; A, 0.0095; COp, 0.0005.
(For use in conjunction with the tebles of undissociated data.)

hPl:l:re .
CInterpolated.
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TABLE II.

, _

[No dissociation assumed]

(a) Air. Composition, percent by volume: nitro-
gen, 78.09; oxygen, 20.95; argon, 0.95; carbon

dloxide, 0.05.

Holecular welght, 28.97.

- THERMODYNAMIC DATA FOR ATR AND WATER VAPOR

{b) Water vapor. Holecular weight, 18.018.

Temperature, | Enthalpy, | Constant- Specific Tempearaturs, |Enthalpy,| Constant- Specifio
» h, pressure heat, T, h, pressure heat,
R Btu/1b ant:z’-opy, Cp» OR Btu/1b entropy, »
’ »
Btu/(1b) (or) | BEW/(1b)(°R) Btu/(lb)(°ﬂ) Btu(1b)(°R)
[~ 3850 | 132.80 1.29849 0.2579 350 1286.35 | 2.3152 0.4362
400 204.70 1.5%051" .2385 400 1308.21 2.5737 .4386
450 216.63 1.59845 2391 450 1330.20 2. 4411
500 228.62 1.58368 2396 500 1352.51 2.4721 4436
S50 240.62 1.60656 .2402 550 1374.56 2.5145 4460
800 252.64 1.62748 .2408 800 1386.91 2.5534 4484
650 264.70 1.6467% 2414 650 1419.40 2.5894 4509
700 276.79 1.66471 .2419 700 1442.00 2.6229 «4533
750 2868.88 1.68146 2428 750 1464.89 2.6546 4564
800 301.05 1.69717 2439 800 1487.79 2.6842 4600
850 3513.27 1.71200 .2449 850 1510.88 2.7121 4635
900 325.52 1.72598 2460 900 15354.30 2.7389 -4671
950 3537.686 1.73932 .2474 250 1557.75 2.7643 4711
1000 350.27 1.75208 .2489 1000 1561.42 2.7885 4752
1050 362.75 1.76423 2503 1030 1605.26 2.8118 4792
1100 375.29 1.77591 .2518 1100 1629.54 2.8543 .4833
1150 387.82 1.78713 +2534 1150 1655.82 2.8559 4877
1200 400.63 1.797%6 .2550 1200 1678.32 2.8767 -4
1250 415.42 1.80840 +2585 1250 1703.01 2.8969 4364
1300 426.28 1.81846 2581 1300 1728.70 2.9169 50038
1350 439.24 1.82823 .2587 1350 1753.87 2.9358 8085
1400 452.26 1.83771 .2612 1400 1779.26 2.9543 5100
* 1450 465.38 1.84691 .2628 1450 1805.62 2.9726 5146
1500 478.56 1.85584 -2643 1500 1831.45 2.9901 5193
1550 491.81 1.86454 .2658 1550 1857.54 3.0072 5240
1600 505.14 1.87300 +2673 1600 1885.86 35.02359 .5287
1650 518.56 1.88128 .2687 1650 1910.86 35.0404 5334
1700 532.02 1.88832 2700 1700 1957.64 5.03963 .5380
1750 545.56 1.89716 2714 1750 1964.65 3.07200 5427
1800 589.17 1.90486 .2727 16800 1992.14 3.08714 -S473
1850 572.84 1.91235 2739 1850 2019.62 3.10220 5517
1500 586.57 1.91987 2751 1500 2047.32 3.11698 5561
1950 600.35 1.92684 .2762 1950 2075.23 35.15148 5605
2000 614.20 1.955684 2774 2000 21035.356 3.14572 <5647
2030 628.10 1.94071 .2784 2050 2131.71 3.15971 .5688
2100 642.04 1.94743 .2795 2100 2160.26 5.17348 5730
2150 656.04 1.95402 .2805 2150 2189.00 5.18701 5771
2200 670.09 1.96048 2815 2200 2217.96 3.20052 .5811
2250 684.20 1.96682 2824 2250 £247.12 3.21343 .5850
2300 £96.35 1.97304 .2033 2300 2276.47 3.22633 .5889
2330 712.55 1.97914 .2842 2350 2306.02 3.23904 .5928
2400 726.76 1.98%13 2850 2400 2335.71 5.25154 .5965
2450 741.03 1.99102 .2858 2450 2565.68 5.26380 6003
2500 765.35 1.99680 .2866 2500 2395.78 3.27607 6040
2550 769.70 2.00249 2873 2550 2426.08 5.28807 .6076
2600 764.08 2.00807 .2880 2800 2456.34 5.29981 +.6080
2650 798.80 2.01357 +.2888 26380 2487.19 3.31157 6145
2700 812.96 2.01897 .2895 2700 2517.99 5.32509 .6180
2750 827.45 2.02429 .2801 2750 2548.97 35.353446 -6212
2800 841.98 2.02852 .2907 2800 2580.12 3.34568 6244
2850 856.535 2.03467 .2914 2850 2611.41 3.55676 +.6276
2800 871.12 2.03974 2920 2900 2642.88 3.36770 -6307
2330 885.73 2.04474 .2926 2950 2674.50 3.57851 .6337
3000 .38 2,04967 2931 3000 2706.27 5.58919 .6366
3050 915.05 2.05452 .2957 3050 2758.16 5.39975 .6396
3100 929.75 2.05950 2042 3100 2770.21 3.41015 .6423
3150 944.48 2.06401 <2947 35150 2602.40 35.42045 6450
5200 959.23 2.06866 .2952 3200 2834.72 3.43063 -6477
5230 974.00 2.07324 2957 3250 2867.17 3.44070 6303
3300 988.60 2.07776 .2962 33500 2899.74 3.45064 6527
3350 1005.63 2.08222 2967 35350 2932.44 5.46048 6552
3400 1018.48 2.08662 .2972 3400 2965.28 3.47020 .6576
5450 1035.36 2.09096 .2976 5450 2998.21 3.47982 .6599
3300 1048.25 2.09524 .2980 3500 3051.26 3.48933 .6621
3550 1065.16 2.09948 2985 3550 3064. 5.486874 8643
3600 1078.09 2.10565 .2989 3600 3097.69 35.50805 6665
3650 1095.05 2.10778 +2993 3650 3131.07 5.51726 .6685
3700 1108.03 2.11185 2997 3700 3164.55 35.52637 -6705
3760 1125.02 2.11588 +3001 5750 35198.11 3.53538 .6725
3800 1138.04 2.11986 <3005 3800 .79 5.54430 6744
3830 1163.08 2.123579 3008 3850 3265.56 3.55313 -6762
3800 1168.13 2.12767 .35012 5900 5239.43 3.56187 .6781
3950 1183.20 2.13151 .5016 3950 3335.36 3.57052 .8799
4000 1198.29 2.13631 .3019 4000 5567.41 3.57908 .6816
4500 1350.09 2.17106 +30351 4500 3712.16 3.66027 .6968
5000 1503.36 2.20336 +.3078 S000 4083.70 5. 73454 .7088
5500 1657.87 2.23281 .3101 5500 4420.61 3.80256 7184
6000 1815.44 2.25368 .3121 6000 4781.77 5.86521 .7259

41




42

TABLE ITI. - THERMODYNAMIC DATA FOR STOICHIOMETRIC COMBUSTION PRODUCTS OF BORON

=

e

NACA RM ES6B2T

[No dissociation assumed; molecular weight, 34.391; stoichiometric fuel-air

ratio, 0.1

043]

(2) Gaseous boron oxide By0sz-

Temperature, | Enthalpy,| Constant- Specific ¥(h) ¥(o) ¥(c,)
T, h, - pressure heat, p
°R Btu/1b entropy, c.,

Py
Btu/(lb)(OR) Btu/(lb)(OR)
BT R e B B e B I
1800 1611.24 1.70247 0.2943 11,135.4 | -2.1421 0.229
1850 1626.00 1.71056 .2957 11,146.9 | -2.1358 .230
1300 1640.82 1.71846 .2970 11,158.4 | -2.1296 .232
1950 1655.71 1.72620 .2984 11,170.1 | -2.1236 .234
2000 1670.66 1.73377 .2997 11,181.9 | -2.1176 .236
2050 1685.68 1.74119 .3009 11,193.7 | -2.1117 .237
2100 1700.75 1.74845 .3020 11,205.6 | -2.1060 .238
2150 1715.88 1.75557 .3032 11,217.6 | -2.1004 .239
2200 1731.07 1.76255 .3042 11,229.6 | -2.0949 .240
2250 1746.31 1.76940 .3052 11,241.7 | -2.08%4 .241
2300 1761.60 1.77612 .3062 11,253.8 | -2.0841 .242
2350 1776.94 1.78272 .3072 11,265.9 ~2.0789 .243
2400 1792.31 1.78920 .3080 11,278.1 | -2.0738 .243
2450 1807.74 1.79556 .3088 11,290.3 | -2.0687 .243
2500 1823.21 1.80181 .3097 11,302.5 | -2.0638 244
2550 1838.71 1.80795 .3104 11,314.7 | -2.0590 244
2600 1854.25 1.81398 .3112 11,326.9 | ~2.0542 244
2650 1869.83 1.81992 .3119 11,339.1 | -2.0496 .244
2700 1885.44 1.82575 .3126 11,351.4 | -2.0450 244
2750 13801.09 1.83149 .3132 11,363.6 | -2.0405 .244
2800 1916.77 1.83715 .3138 11,375.9 | -2.0361 244
2850 1932.48 1.84271 .3145 11,388.1 | -2.0318 244
2900 1948.23 1.84818 .3151 11,400.3 | -2.0275 244
2950 1963.99 1.85358 .3156 11,412.5 | -2.0233 244
3000 1979.79 1.85889 .3162 11,424.7 | -2.0192 .243
3050 1995.61 1.86412 .3167 11,436.9 | -2.0152 .243
3100 2011.46 1.86927 3172 11,449.1 | -2.0112 .243
3150 2027.34 1.87435 .3177 11,461.2 | -2.0074 .242
3200 2043.24 1.87936 .3181 11,473.4 | -2.0036 .242
3250 2059.15 1.88430 .3186 11,485.5 | -1.9998 .241
3300 2075.10 1.88916 .3180 11,497.6 | -1.9961 241
3350 2091.06 1.89396 .3194 11,508.6 | -1.9925 .240
3400 2107.05 1.89870 .3199 11,521.6 | -1.9889 .240
3450 2123.05 1.90337 .3203 11,533.6 | -1.9854 .239
3500 2139.08 1.90798 .3206 11,545.6 |-1.9820 .239
3550 2155.12 1.91253 .321.0 11,557.5 | -1.9786 .238
3600 2171.18 1.91703 .3214 11,569.5 | -1.9752 .237
3650 2187.26 1.92146 .3217 11,581.3 |-1.9720 .237
3700 2203.36 1.92584 .3220 11,593.2 | -1.9687 .236
3750 2219.46 1.93017 .3224 11,605.0 | -1.9656 .235
3800 2235.59 1.93444 .3227 11,616.7 |-1.9625 .235
3850 2251.74 1.93866 .3230 11,628.5 | -1.9594 .234
3900 2267.90 1.94283 3233 11,640.2 | ~1.9564 .233
3950 2284 .07 1.94695 .3236 11,651.9 | -1.9534 .233
4000 2300.26 1.95103 .3239 11,663.5 | -1.9505 .232
4500 2462.85 1.98932 3263 11,777.7 | -1.9235 .224
5000 2626.50 2.02381 .3281 11,887.6 |-1.9004 .215
5500 2790.97 2.05516 .3296 11,993.0 |-1.8803 .206
6000 2956.10 2.08389 .3308 12,094.2 |[-1.8627 .198

GRRRRLL
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[o dissociation assumed; molecular weight, 34.391; stolchlometric fuel-air ratio, 0.1043.]

(b) Condensed boron oxide B0xz:

Temperature, Enthalpy, Constant- Specific ¥(n) (o) 1(ep)
T, h, pressure heat
Btu/1b entropy, o
@
Btu/(1b)(°R) Btu/(1b)(°R)
350 524,33 1.08839 0.2186 3508.9 -4 .3406 -0.204
400 535.57 1.11805 22352 3499.8 -4.3634 -.162
450 546.65 1.14468 2277 5492.7 —~4.35794 -.119
500 558,15 1.1689¢ .2323 3487.8 —4..3897 -.077
650 569,88 1.19131 «2569 3485.0 —4.3851 -.054
800 581.84 l.21213 .2415 5484.3 -4.3961 007
650 594,03 1.25166 2461 5485.7 ~4.3938 049
700 605.48 1.25013 2507 5489.3 -4.3880 092
750 619,06 1.26750 +2548 3494.7 -4.3814 .128
800 631.90 1.28407 .2586 3501.8 -4.3725 158
850 644.93 1.29989 2625 3510.3 -4.3618 .185
900 658.19 1.31600 .2663 3521.0 —4.5499 214
950 671.60 1.32949 .2697 38352.3 ~4.35377 .2356
1000 685.17 1.34343 2732 3544.6 -4 ,3250 .257
1050 698.92 1. 2767 3558.1 -4.3118 +279
1100 712,93 1.36990 .2801 3575.7 -4.2973 289
1180 726.94 1.38255 2834 3588.2 —4.2842 -317
1200 741.20 1.39448 .2868 3604.6 —4.2704 3356
1260 755.62 1.40628 .2901 3621.9 -4.2561 +355
1300 770.21 1.41768 .2934 5640.2 -4.2418 375
1301.7 770.71 1.41803 .2935 3640.9 -4.2417 374
1301.7 813.31 1.438078 .3205 4091.7 -3.8951 .659,
1350 828.82 1.46248 L3214 4125.4 -3.8710 .653
1400 844.92 1.47420 3224 4155.9 -3.7416 646
1450 861.07 1.48353 3252 4188.1 -3. .639
1500 877.25% 1.49649 .3238 4219.8 -3.8034 629
15850 893.45 1.50713 <5244 4251.1 -3.7829 -820
1600 909.69 1.51743 3249 4281.8 -3.7634 610
1630 925.96 1.6562748 .3255 4312.1 -3.7450 .601
1700 942.25 1.53719 3260 4341.9 -3.7270 .8592
1750 958,56 1.54664 35265 4371.3 =-3.7100 583
1800 974,91 1.55588 3269 4400.2 -3.6937 574
1850 991.27 1.56485 5275 4428.8 -3.6780 567
1900 1007.67 1.57359 .3281 4457.0 -3.6650 <561
1950 1024.09 1.5g212 .3287 4484.9 ~3.6485 -.555
2000 1040.54 1.89045 5293 4512.5 -5.6345 549
2050 1037.05 1.59859 .5299 4539.8 -35.6210 544
2100 1073.53 1.80855 3505 4567.0 -35.6079 540
2150 1090.08 1.61434 .5512 4895.9 -3.5953 535
2200 1106.6% 1.62196 .3318 4620.6 -3.58350 532
2230 1123.26 1.62842 .35524 4647.1 -3.5710 529
2500 1139.90 1.63674 3530 4675.5 -5.6594 .5286
23550 1156.57 1.84391 3357 4699.8 ~35.5482 523
2400 1173.26 1.65094 .5342 4725.9 -3.5372 .521
2450 1189.99 1.65783 5348 4751.9 -5.5265 .518
2500 1208.76 1.66461 <3554 4777.8 -5.5160 516
2630 1225.54 1.87126 5359 4805.6 -5.5058 514
2800 1240.35 1.87778 .3564 4828.2 -5.4958 .512
2630 1257.19 1.88420 3370 4854.8 -5.46861 -510
2700 1274.05 1.68050 3575 4880.2 -3.4765 -508
2730 1290.84 1.69670 3579 4905.6 -3.4672 +«S06
2800 1307.85 1.70280 3384 1930.9 -5.4581 504
2850 1324.78 1.70879 3589 4956.1 -3.4492 502
2900 1341.756 1.71468 .3593 4981.2 -5.4405 -500
2950 1388.72 1.72049 -3597 5006.2 -5.4319 +499
3000 1375.72 1.72621 5401 5051.1 -35.4236 4987
3050 1392.74 1.73183 3406 5055.9 -5.41535 495
3100 1409.78 1.73737 3409 5080.7 =3.40735 494
3150 l428.84 1.74283 <5413 5105.4 -5.3994 492
3200 1443.91 1.74821 .35416 5129.9 -5.3917 «491
35250 1461.00 1.75351 -3420 5154.5 -5.5840 -489
35300 1478.11 1.75873 3423 5178.9 -3.5766 487
3350 1495.24 1.763868 5426 5205.2 -3.3693 -486
3400 1512.38 1.76896 3450 5227.5 -5.3621 -484
3450 1629.54 1.77397 3433 5251.7 -3.3550 483
3500 1546.71 1.77891 5436 5275.8 -5.3481 481
3550 1563.90 1.783579 3438 5299.9 -5.35412 +480
3600 1581.10 1.78860 544l 5323.9 -5.5545 -478
3650 1598.31 1.79335 <3444 5347.8 -3.3279 AT7
3700 1613.54 1.79804 + 3446 S371.6 -5.3215 4TS
3750 1652.78 1.80267 <3449 5395.3 -3.3151 474
3800 1650.03 1.80724 -35451 5419.0 -5.3088 472
3830 1667.30 1.81175 <5454 5442.6 -5.3026 471
3800 1684.58- 1.81621 . 5456 5466.1 -35.2966 469
3950 1701.86 1.82061 5458 5488.6 -3.2306 -468
4000 1719.16 1.82497 5460 5513.0 -5.2847 ~467
4500 1892.70 1.86564 3479 5743.1 -5.2305 +453
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TABLE IV. - THERMODYNAMIC DATA FOR STOICHIOMETRIC COMBUSTION PRODUCTS OF CARBON

[ﬁo dissociation assumed; molecular weight, 31.483; stoichiometric

fuel-air ratio, 0.08686.

Temperature, Enthalpy, - Constant- Specific +(b) ¥(o) 'l(up)
T, » pressure heat,
SR Btu/1b entropy, ps
©
Btw/(Ip)(°R) | BEW/(ID)(°R)
350 153.17 1.38826 0.2275 -495.8 =1.3792 ~0.152
400 164.50 1.41861 .2277 -503.0 ~1.3976 -.154
450 175.95 1.44588 2297 -509.3 -1.4122 -.116
500 187.49 1.69912 +23517 -914.7 <1.4235 -,098
550 199.13 1.49210 .2338 -519.1 ~1.4321 -.,080
800 210.87 1.51253 .2358 -522.7 -1.4383 -.062
€50 222.71 1.55149 .2578 -525.4 <1.4426 -.044
700 234.65 1.54922 .2598 -527.2 -1.4450 -.026
750 246.70 1.56590 .2418 -527.7 <1.4459 -.012
800 258.84 1.58157 .2438 -528.0 =1.4463 -.000
850 271.09 1.59643 <2458 -527.8 ~1.4460 011
900 283.43 1.610568 .2478 ~-526.6 =1.4442 .023
950 285.88 1.62402 <2499 -525.3 =1.4426 .031
1000 308.43 1.63690 «2520 -525.5 -1.4409 .039
1050 321.08 1.64925 -2541 -521.4 -1.4387 047
1100 353.83 1.66106 .2561 -518.7 <1.4369 .054
1150 346.69 1.67260 .2582 -515.8 =1.4342 .060
1200 359.68 1.68354 +2603 =512.7 -1.4316 .066
1250 372,72 1.69421 .26235 -509.2 ~1.4287 .072
1300 385.89 1.70452 <2643 -505.4 ~1.4256 077
1350 399.16 1.70788 2662 -501.4 ~1.4154 .081
1400 412,53 1.72425 . -497.2 ~1.4196 086
1450 425.99 1.73369 2701 -492.7 ~1.4166 .091
1500 439.55 1.74288 .2719 —488.1 ~1.4133 <094
1550 455.19 1.75183 .2737 -483.2 ~1.4102 .098
1600 466,92 1.76055 J2754 -478.2 =1.4070 102
1650 480:76 1.76909 217N -472.8 -1.40357 .105
1700 434.66 1.77738 .2787 -467.5 -1.4005 .108
1
1750 508.64 1.78549 .2803 -462.0 -1.3973 12
. 1800 522.68 1.79343 .2819 -456.5 ~1.3942 .1156
1850 536.82 1.80118 2833 -450.7 =-1.3910 117
1900 BS51.02 1.80875 .2647 -444.7 -1.3879 120
1950 565.29 1.61617 .2861 -438.6 ~1.35847 1235
2000 579.63 1.82343 2874 —432.4 -1.3816 125
2050 594.04 1.83054 .2888 ~426.1 -1.5784 .127
2100 608.50 1.83752 .2888 -419.6 ~1.3755 .129
2150 625.05 1.8443S .2911 ~413.1 -1.3722 .132
2200 637.61 1.85105 .2922 —406.5 -1.3692 133
2250 652.25 1.85763 .2932 -593.7 -1.3661 139
2300 666.94 1.86409 2943 -392.9 -1.56351 .137
2550 681.68 1.87043 2953 ~3586.0 -1.36802 .138
2400 696.46 1.87663 .2962 -379.0 -1.3573 .140
2450 711.30 1.88270 .2971 -372.0 -1.3543 .141
2500 726.18 1.88879 .2980 ~3564.9 -1.3515 143
2550 741.12 1.89470 .2989 -357.7 -1.5488 144
2600 756.07 1.90051 .2996 ~350.4 -1.3458 145
2650 771.08 1.90625 .3005 =345.1 =1.3430 146
2700 786.12 1.91185 3012 -335.8 =1.3403 147
2750 801.21 1.91739 . 3020 -3528.4 -1.3576 .148
2800 816.35 1.922684 5027 -320.9 -1.3549 .149
2850 8351.48 1.92820 .3054 ~3135.4 -1.3522 .150
2900 846.67 1.935348 .35041 ~305.9 =1.3%296 .161
2950 861.89 1.95869 <5047 -288.3 -1.3270 151
3000 877.14 1.94381 L3053 -280.7 =1.3245 .152
3030 892.42 1.94887 -5059 -283.1 -1.3219 153
3100 907.74 1.953584 3065 -2765.4 -1.3195 153
3150 923.08 1.95876 <3071 -267.7 =1.3170 <154
3200 938.45 1.96360 3076 -260.0 -1.3145 154
3250 955.84 1.96837 .3082 -252.2 -1.3121 .165
33500 969.27 1.97308 .3086 244 .4 -1.3098 155
3330 984.71 1.97775 5091 -256.7 =1.3074 .1565
5400 1000.19 1.98231 <5096 -228.9 -1.5031 156
3450 1015.69 1.98683 .35101 -221.1 -1.3028 156
3500 1031.20 1.99130 .3105 -213.2 -1.3006 .156
3550 1046.74 1.99871 .3110 -205.4 -1.2984 .156
3600 1062.30 2.00006 <5114 -197.6 -1.2962 156
3650 1077.89 2.00436 .3118 -189.7 =-1.2940 .158
3700 1093.49 2.00861 .5122 -~161.9 -1.2919 156
5750 1109.11 2.01280 5126 -174.0 -1.2898 .156
3800 1124.75 2.01694 35130 -166.2 -1.2874 .158
3850 1140.42 2.02104 5134 -158.4 ~1.2856 156
5900 1156.10 2.02508 3137 ~150.6 -1.283%6 .166
3950 1171.79 2.02908 <3141 -142.7 -1.2616 156
4000 1187.51 2.03504 <5144 -134.9 -1.2797 .166
4500 1345.52 2.07026 3174 -57.2 -1,2613 2154
5000 1504.88 2.10584 .5198 19.0 -1.2453 150
5500 1665.35 2.13442 .35218 95.4 -1.23511 .148
6000 1826.70 2.186250 3235 l65.8 -1.2185 143

TIRS
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TABLE V. - THERMODYNAMIC DATA FOR STOICHIOMETRIC COMBUSTION PRODUCTS OF HYDROGEN
[No dissocliation assumed; molecular weight, 24.648; stolchlometric

fuel-air ratio, 0.02916.]

Temperature, Enthalpy, Constant- Specific ¥{(h) o) i(cp)
» h, pressurs heat
Btu/1b entropy, o
@
Btu/(1b)(°R) Btu/(1b)(°R)
350 470.14 1.71863 0.2935 9,788.1 7.7696 1.963
400 484.84 1.75792 2044 9,8086.6 8.03351 1.972
450 499.58 1.79266 .2952 9,985.4 8.2662 l.982
500 514.37 1.82383 2961 10,084.7 8.4756 1.991
550 529.19 1.85210 .2969 10,184.6 8.6659 2,001
600 544.06 1.87796 .2977 10,284.9 8.8401 2.010
650 558.97 1.90184 .2986 10,385.7 9.0014 2.019
700 575.95 1.92401 2994 10,486.8 9.1515 2.029
730 568.95 1.94483 3006 10,590.3 9.2951 2.041
800 804.02 1.96429 .3021 10,692.7 9.4274 2.056
850 619.17 1.98265 3036 10,796.9 8.5521 2.070
800 634.40 2.00004 3051 10,801.3 9.6728 2.085
950 643.71 2.01660 .3070 11,006.0 9.7860 2.103
1000 665.11 2.03240 3090 11,111.6 9.8940 2.121
1050 680.61 2.04753 -3109 11,218.1 9.9984 2.139
1100 696.24 2.06204 3130 11,327.4 10.0984 2.159
1130 711.95 2.07601 .5152 11,435.9 10.1954 2.182
1200 727.77 2.08948 3174 11,546.7 10.2886 2.204
1230 745.69 2.10249 .35196 11,6%56.5 10.3798 2,227
1300 759.92 2.11514 3220 11,775.0 10.4707 2.2535
1350 776.09 2.12031 <3243 11,888.3 10.5636 2.280
1400 792.36 2.13918 <3266 12,005.1 10.6397 2.308
14530 808.95 - .3289 12,125.5 10.7233 2.354
1500 825.45 2.16194 3513 12,242.9 10.8034 2.364
1850 842.08 2.17285 3536 12,361.9 10.8811 2.3%4
1600 858.82 2.18548 3560 12,482.5 10.9577 2.424
1650 875.81 2.19390 .335682 12,808.5 11.0333 2.455
1700 829.77 2.20403 .3405 12,731.8 l11.1070 2.487
1730 909.85 2.21393 <5427 12,856.9 11.1797 2.519
1800 927.12 2.22360 5450 12,985.8 11.2491 2.551
1850 944 .42 2.23308 5470 15,114.1 11.35194 2.581
1800 961.835 2.24237 ~5491 15,244.0 11.3888 2.612
1950 979.33 2.25146 3511 13,375.4 11.4570 2.643
2000 996.95 2.26038 3531 135,508.3 11.5243 2.674
2050 1014.66 2,26912 3550 135,642.8 11.5807 2.704
2100 1032.46 2.277T71 .3589 15,776.8 11.6663 2.735
2150 1030.35 2.28613 .3588 13,916.2 11.7209 2.7635
2200 1068.33 2.29439 .5606 14,055.0 11.7847 2.792
2230 1086.42 2.30252 .5623 14,185.5 11.8478 2.821
2300 1104.58 2.31050 +3640 14,357.2 11.9102 2.850
2350 1122.83 2.31836 .3658 14,480.6 11.9718 2.87%
2400 1141.14 2.32607 3675 14,624.7 12.0325 2.906
2450 1189.56 2.33366 .3889 14,771.2 12.0929 2.934
2500 1178.05 2.354113 5705 14,918.5 12,1525 2.96)1
2550 1196.62 2.34849 <3720 12.2114 2.988
2600 1215.26 2.35560 .3735 12.2689 5.014
2630 12335.97 2.36288 5749 12.3274 3.040
2700 1262.75 2.36987 +3763 .35844 3.066
2750 1271.680 2.37679 .3776 12.4409 5.08%
2800 1280.52 2.38361 .3790 12.4968 5.11
2850 1309.50 2.330355 38035 12.5521 35.157
2300 1328.56 2.39696 .3816 12.6068 3.160
2950 1347.87 2.40349 .3827 12.6611 3.182
3000 1366.84 2.40993 .3839 12.7147 3.204
3050 13586.06 2.41629 .3851 12.7679 5.228
3100 1405.34 2.42256 .3862 12.8202 3.245
3150 1424.69 2.420875 38735 12.8726 3.265
5200 1444.08 2.43486 .35883 12.9242 3.284
3250 1463.52 2.44089 .5894 12.9763 3.304
3300 1483.01 2.44684 3903 13. 3.321
3350 1502.55 2.482712 .5913 13.0759 35.358
3400 1522.16 2.45852 .35923 135.1255 35.355
3450 1541.79 2.46425 .5932 13.1746 3.371
3500 1961.47 2.46992 <3940 135.2232 5.387
3560 1681.19 2.47551 .35849 15.2714 3.402
35600 16800.95 2.48104 .3867 18,453.2 15,5194 3.418
3650 1620.77 2.48651 3965 18,624.5 13.5664 5.431
3700 1640.62 2.49191 3973 18,796.4 13.4131 3.445
5750 1660.50 2.49725 .3981 18,969.0 13.4595 35.459
3800 1680.42 2,30253 .5989 19,142.2 13.5054 5.472
3830 1700.39 2.50775 5996 19,316.2 15.5508 5.484
3900° 1720.39 2.51291 19,490.8 13.5959 3.496
3950 1740.42 2.51801 4010 19,665.8 135.6405 3.508
4000 1760.49 2.52308 .4016 19,841.6 135.6847 35.519
4500 ‘| 1962.86 2,57072 4075 21,6826.5 14.12050 3.615
5000 2167.87 2.61392 4122 25,452.3 14.4897 5.684
5300 2374.95 2,65339 .41569 25,307.9 14.8434 3.73%5
6000 23583.71 2.68971 .4189 27,184.9 15.1700 3.770
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TABLE VI. - THERMODYNAMIC DATA FOR STOICHIOMETRIC COMBUSTION PRODUCTS OF PENTABORANE BgHg

[No dissociation assumed; molecular weight, 30.121; stoichiometric fuel-air
ratio, 0.07615.]

(2) Gaseous boron oxide B,0z.

Temperature,| Enthalpy,| Constant- Specific ¥(h) ¥(o) w(cp)
T, h, pressure heat,
OR 1 Btu/1b entropy, Cps

@,
Btu/(1b) (°r) |Btw/(1b) (°R)

1750 -
1800 1365.90 1.88936 0.3125 11,401.1 [-0.2190 10.562
1850 1381.56 1.89795 .3141 11,429.4 -.2035 .568
1900 1397.32 . 1.90635 .3157 11,458.0 -.1883 .574
1950 1413.14 1.91457 .3173 11,486.8 -.1733 .580
2000 1429.05 1.92263 .3189 11,516.0 -.1585 .586
2050 1445.03 1.93052 .3203 11,545.5 ~.1439 .591
2100 1461.08 1.93826 .3217 11,575.2 -.1296 .596
2150 1477.21 1.94584 .3231 11,605.2 -.1155 .602
2200 1493.40 1.95329 .3244 11,635.4 -.1016 .607
2250 1508.66 1.96059 .3257 11,665.9 -.0879 .612
2300 1525.98 1.96777 .3269 11,696.6 -.0744 .616
2350 1542.36 1.97482 .3282 11,727.6 -.0611 .621
2400 1558.89 1.98173 .3293 11,758.8 -.0480 .825
2450 1575.28 1.98854 .3304 11,790.2 -.0350 .630
2500 1591.84 1.99522 .3315 11,821.8 -.0222 .634
2550 1608.44 2.00180 .3325 11,853.6 -.0096 .638
2600 1625.09 2.00827 .3335 11,885.6 .0028 .642
2650 1641.79 2.01463 .3345 11,917.9 .0150 .646
2700 1658.54 2.02089 .3355 11,950.3 .0271 .650
2750 1675.34 2.02705 .3363 11,982.9 .0391 .653
2800 1692.18 2.03313 .3372 12,015.6 .0509 .656
2850 1709.086 2.03910 .3381 12,048.5 .0625 .659
2900 1726.00 2.04499 .3389 12,081.6 .0740 .663
2950 1742.96 2.05079 .3397 12,114.9 .0854 .665
3000 1759.97 2.05651 .3405 12,148.2 .0966 .668
3050 1777.01 2.06214 .3412 12,181.7 .1077 .671
3100 1794.09 2.06769 .3419 12,215.4 .1186 .674
3150 1811.21 2.07317 .3426 12,249.2 .1294 .676
3200 1828.386 2.07858 .3433 12,283.1 L1401 .679
3250 1845.54 2.08390 .3440 12,317.1 .1507 .681
3300 1862.76 2.08916 .3446 12,351.3 .1611 .683
3350 1880.01 2.09435 .3452 12,385.5 L1714 .685
3400 1897.29 2.09947 .3458 12,419.8 .1816 .687
3450 1914.60 2.10452 .3464 12,454.2 .1916 .689
3500 1931.93 2,10951 .3470 12,488.8 .2016 .691
3550 1949.29 2.11443 .3475 12,523.4 L2114 .692
3600 1966.68 2.11930 .3480 12,558.1 .2211 .694
3650 1984.10 2.12410 .3485 12,592.8 .2307 .695
3700 2001.54 2.12885 .3490 12,627.6 .2401 .697
3750 2019.00 2.13354 .3495 12,662.5 .2495 .698
3800 2036.50 2.13817 .3500 12,697.5 .2588 .700
3850 2054.01 2.14275 .3504 12,732.6 .2679 .701
3900 2071.55 2.14728 .3509 12,767.6 .2770 .702
3950 2089.10 2.15175 .3513 12,802.8 .2860 .703
4000 2106.68 2.15617 .3518 12,838.0 .2948 .704
4500 2283.54 2.19783 .3554 13,192.1 .3782 .71
5000 2462.02 2.23544 .3583 13,548.4 .4533 .713
5500 2641.78 2.26970 .3606 13,905.2 .5213 * .713
6000 2822,55 2.30116 .3624 14,261.4 .5833 .711

TI6E
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TABLE VI. - Concluded.

[Ho dissoclation assumed; molecular weight, 30.121; stoichiometric fuel-air ratio, 0.07615.]

,_i‘f.u—-—«.—-—-—-m

THERMODYRAMIC DATA FOR BTOICHIOMETRIC CCGMBUSTICN PRODUCTS (F PESTABORANE BgHg

(b) Condensed boron oxide B,O.

Temperature, Enthalpy, Constant- Specific ¥(h) ¥(e) #e)
?, h, pressure heat, P
°rR Btu/1b entropy, Oy

@,
Btu/(1b)(°R) Btu/(1b)(°R)

350 504.90 1.31441 0.2454 4410.7 -2.6014 0.106
400 517.25 1.34752 2487 4417.0 -2.5832 <144
450 529.77 1.377086 .2519 4425.2 -2.5634 .182
500 S42.45 1.40380 2562 4435.2 -2.5421 219
550 555.29 1.42829 2584 4447.1 -2.51%94 +257
600 668.30 1.45091 +2617 4461.0 -2.4953 +295
650 581.46 1.47200 <2649 4476.6 -2.4701 3532
700 584.79 1.49180 .2681 4494.2 =2.4436 .370
750 608.26 1.51041 .2712 4515.7 -2.4173 401
800 621.90 1.52801 <2742 4554.5 -2.3905 429
850 635.69 1.54474 2772 4556.6 ~2.3637 456
900 649.66 1.96067 .2802 4580.9 -2.3562 483
950 663.79 1.57590 .2831 4605.6 -2.35094 <504
1000 677.98 1.59651 .2860 46351.4 -2.2831 .525
1030 692.35 1.60454 .2890 4658.1 -2.2%67 546
1100 706.95 1.61807 .2918 4687.2 -2.2505 .566
1150 721.57 1.63111 .2948 4715.2 -2.2048 585
1200 736.39 1.64373 .2978 4745.0 -2.1796 604
1280 T51.34 1.65596 <3007 4775.7 -2.16543 .624
1300 766.52 1.66781 3057 4808.4 -2.1280 644
1301.7 767.04 1.66818 3057 4603.6 -2.1284 + 644
13501.7 794.36 1.68918 3210 5195.6 -1.8316 .888
1350 809.91 1.70082 3225 S5 =1.7992 .886
1400 826.07 1.71267 3259 5282.8 <1.7670 .885
1450 842.38 1.72409 . 32583 5328.0 -1.7357 .882
1500 858.68 1.73514 3265 5372.0 <1.7057 .879
1550 875.05 1.74587 <3277 5415.9 -1.6770 .875
1600 891.45 1.76629 .3289 5450.5 ~1.6493 .871
1650 807.98 1.76645 <3301 6503.5 -1.6227 .867
1700 924.50 1.77635 3512 5546.8 -1.5967 .864
1750 941.10 1.78593 .35323 £583.9 =1.570.7 .861
1800 957.77 1.79534 3534 5635.2 -1.5478 .858
1850 974 .47 1.80450 5545 5676.1 -1.5243 .857
1900 991.23 1.81343 33556 5718.9 -1.5014 .866
1950 1008.04 1.82217 3567 5761.7 ~1.4792 .854
2000 1024.81 1.83071 .3378 5804 .4 -1.4578 +.B854
2050 1041.83 1.83308 .3389 5847.1 -1.4385 .854
2100 1068.80 1.84725 3400 5889.9 -1.4158 .855
2150 1075.83 1.85526 <3411 8932.7 -1.39587 .855
2200 1092.91 1.86311 <342) £975.5 ~1.3760 .857
2500 1110.08 1.87081 3431 6018.4 -1.3567 .838
2300 1127.24 1.87857 344 6061.3 -1.5579 .860
2350 1144.47 1.88678 5452 6104.4 -1.3193 .861
2400 1161.75 1.89306 3461 6147.5 -1.3012 .863
2450 1179.08 1.30021 <471 6190.8 -1.2834 .865
2500 1196.46 1.980723 .5480 8234.1 -1.2658 .867
2580 12135.89 1.91413 .5489 6277.6 -1.2486 .869
2600 1241.38 1.92091 3498 6321.2 -1.2518 .871
26850 1248.86 1.92759 . 6364.7 -1.2161 .873
2700 1266.41 1.93414 .3514 6408.5 -1.1988 .875
2750 1284.01 1.94060 .3522 6452.3 -1.1827 .877
2800 1301.64 1.94896 5529 6496.2 -1.1668 .879
2850 1319.30 1.95321 -3537 6540.2 -1.1513 .861
23900 1337.02 1.95956 .35645 6584.3 -1.3598 .882
2950 1354.76 1.968543 3561 6628.5 -1.1208 .884
3000 1372.54 1.97141 .5858 6672.8 -1.1059 .886
3060 1390.34 1.97730 .3565 6717.1 -1.03913 .887
3100 1408.19 1.98310 3572 6761.6 <1.0768 .889
35150 1426.07 1.98882 *.3578 6806.1 -1.0828 .890
3200 1445.97 1.99446 3584 6850.6 -1.0486 .892
3260 1461.91 2.00002 .3390 6898.3 ~1.0347 .893
3300 1479.87 2.00551 +.3595 6940.0 -1.0210 894
3380 14987.86 2.01092 <5601 6984.8 -1.0076 .895
5400 1515.88 2.01626 +5606 7029.6 -.9943 .896
3450 1535.93 2.02153 3612 7074.5 -.9812 .898
3500 1552,.00 2.02673 .3617 7119.4 -.9683 .888
3880 1570.10 2.03186 .3621 7164 .4 -.9558 .899
3600 1588.22 2.05693 .3826 7209.4 -.9429 800
3650 1806.37 2.04193 +3631 7254.5 -.9305 .901
3700 1624.53 2.04688 3635 7299.5 -.9182 .902
3750 le42.72 2.05176 5640 71544.6 -.9061 . 902
1660.95 2,08659 5644 7389.8 -.8941 803

5850 1679.17 2.06135 5648 7435.0 -.8823 .904
5300 1697.42 2.06608 .3662 7480.2 -.8706 - 904
3950 1715.69 2.07072 . 3656 7526.5 -.8591 .805
4000 1735.98 2.07532 +3660 7670.7 -.8477 .805
4500 1917.87 2.11885 3683 8024.1 -.7409 .907

47
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TABLE VII. - THERMODYNAMIC DATA FOR PRODUCTS OF STOICHIOMETRIC COMBUSTION OF DIBORANE BoHg

[No dissoclation assumed; molecular welght, 28.883; stolchiometric fuel-air
ratio, 0.06675.]

(a) Gaseous boron oxide B203-

Temperature, [Enthalpy,| Constant- Specific ¥{h) ¥{(o) ¥(ec,)
T, h, pressure heat, p
OR Btu/1b entropy, Cps

?,
Btu/(ib) (°R) Btu/(1b)(°R)
1750
1800 1281.23 1.95385 0.3187 11,539.5 0.7829 0.736
1850 1297.21 1.96261 .3204 11,576.5 .8032 . 744
1900 1313.29 1.97118 .3222 11,613.9 .8232 .752
1950 1329.44 1.97958 .3239 11,651.8 .8428 « 760
2000 1345.67 1.98779 3255 11,690.0 .8622 .768
2050 - |1361.99 1.99585 .3270 11,728.6 .8812 .776
2100 1378.38 2.00375 .3285 11,767.6 .9001 .783
2150 1394.84 2.01150 .3300 11,807.0 .9186 .791
2200 1411.38 2.01910 .3314 11,846.7 .9368 .798
2250 1427.99 2.02657 .3328 11,886.8 .9548 .805
2300 1444.67 2.03390 .3341 11,927.2 .9726 .812
2350 1461.41 2.04110 .3354 11,968.1 .9902 .818.
2400 1478.20 2.04817 .3366 12,009.0 1.0074 .825
2450 1495.07 2.05513 .3378 12,050.6 1.0246 .831
2500 1512.00 2.06197 3390 12,092.3 1.0414 .837
2550 1528.98 2.06869 .3401 12,134.4 1.0580 .843
2600 1546.01 2.,07529 .3412 12,176.8 1.0744 .849
2650 1563.10 2.08182 .3423 12,219.3 1.0908 .855
2700 1580.24 2.08823 . 3433 12,262.2 1.1068 .861
2750 1597.44 2.08454 .3443 12,305.4 1.1226 .866
2800 1614.68 2.10075 .3453 12,348.8 1.1383 . .871
2850 1631.97 2.10687 .3462 12,392.5 1.1538 .876
2900 1649.31 2.11290 .3471 12,436.5 1.1690 .881
2950 1666.69 2.11884 .3480 12,480.7 1.1842 .885
3000 1684.11 2.12470 .3488 12,525.1 1.1991 .890
3050 1701.58 2.13048 3497 12,569.7 1.2138 .894
3100 1719.08 2.13617 .3505 12,614.6 1.2284 .899
3150 1736.63 2.14178 .3512 12,659.6 1.2428 .902
3200 1754.21 2.14732 .3520 12,704.9 1.2571 .9086
3250 1771.83 2.15278 .3527 12,750.3 1.2712 .910
3300 1789.49 2.15818 .3534 12,796.0 1.2851 .914
3350 1807.17 2.16350 .3541 12,841.7 *|1.2989 .917
3400 1824.90 2.16875 .3548 12,887.7 1.3125 .920
3450 1842.66 2.17393 .3554 12,933.8 1.3260 .923
3500 1860.45 2.17905 .3560 12,980.1 1.3393 .926
3550 1878.26 2.18410 .3566 13,026.5 1.3524 .929
3600 1896.11 2.18910 .3572 13,073.0 1.3655 .932
3650 1913.99 2.19403 .3578 13,119.7 1.3784 .934
3700 1931.90 2.19890 .3583 13,166.5 1.3911 .937
3750 1949.83 2.20372 .3589 13,213.5 1.4037 .939
3800 1967.79 2.20847 .3594 13,260.5 l.4162 .942
3850 1985.78 2.21318 .3599 13,307.7 1.4285 .944
3300 2003.79 2.21782 .3603 - 13,355.0 1.4407 .946
3950 2021.82 2.22242 .3609 13,402.3 1.4528 .948
4000 2039.88 2.22696 .3614 13,449.8 1.4647 .950
4500 2221.67 2.26978 .3655 13,928.0 1.5776 .964
- 5000 2405.26 2.30846 .3687 14,413.7 1.6797 .972
5500 2590.29 2.34373 .3712 14,901.4 1.7727 .977
6000 2776.47 2.37613 3733 15,390.5 1.8577 .978
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TABIE VII. ~ Concluded. THFEMODYRAMIC DATA FOR PRODUCTS (OF STOICHICMETRIC CQMCHCE'DBCB.MEBZHG .
[IIo dissociation assumed; molecular weight, 28.8835; stoichlicmetric fuel-air ratio, 0.06875.]

3911

COo=1

(v) Condensed boron axide B,O,.
Temperature, Enthalpy, Constant- Spgcigic ¥(h) ¥(e) ¥o,)

T, h, eat,

SR Btu/1b enh’-opy, cps
s
Btu/(lb)(oﬂ) BW/(lb)(OR)

350 498.19 1.39240 0.2547 4880.5 0.268
400 510.99 1.42671 .2575 4894.8 303
450 523.94 1.45725 2603 4910.9 -3539
500 537.03 1.48464 28351 49208.7 <574
550 $50.25 1.51008 2690 4848.3 409
600 563.62 1.53331 .2686 4869.7 449
650 577.12 1.65494 2714 4992.8 -480
700 590.78 1.57519 2742 5017.7 .515
750 604.53 1.59425 .2769 5044.5 545
800 618.45 1.61219 2796 5072.4 <571
850 632.50 1.62924 .2823 5101.7 597
800 646.71 1.64545 .2850 5133.1 623
850 €61.03 1.66094 .2877 5164.8 644
1000 675.49 1.67577 2905 5197.5 -664
1050 690.08 1.69002 29352 5231.2 .685
1100 704.88 1.70377 +2959 5267.3 .705
1150 7189.71 1.71695 .2988 5302.3 -T25
1200 T34.72 1.72874 .3016 5339.1 <744
1250 749.86 1.74211 3043 5576.8 764
1300 765.25 1.75412 3072 5417.1 -784
1301.7 7665.77 1.75450 <3073 5418.4 784
1301.7 787.82 1.77145 <3212 5770.8 1.008
1350 803.38 1.78320 3228 5819.5 1.008
1400 819.57 1.79497 <3244 5870.0 1.009
1450 835.92 1.80641 -32680 5921.8 1.009
1500 8%2.28 1.81749 3274 5972.2 1l.008
1550 868.67 1.82825 .3288 N 1.007
1600 885.13 1.83872 «3303 8073.0 1.006
1650 801.76 1.84893 3516 6124.1 1.006
1700 918.38 1.85885 «3300 6174.4 1.006
1750 935.06 1.86853 <3343 6224.7 1.006
1800 951.85 1.87797 5356 6276.5 1.008
16850 968.67 1.88719 +3369 £325.8 1.007
1800 985.55 1.89619 .5328 6376.3 1.009
1950 1002.50 1.90500 3395 6426.8 l1.011
2000 1019.51 1.91381 -3408 6477.4 1.013
2050 1056.98 1.92204 3420 6528.1 1.016
2100 1083.71 1.95030 <3432 6579.0 1.019
2150 1070.81 1.95839 <3445 66350.1 1.022
2200 1088.18 1.94632 5457 6681.3 1.028
2250 1105.48 1.96411 .3468 6732.7 1.050
2300 1122.88 1.96175 3480 6784.3 1.0354
2550 1140.29 1.96925 <3491 6836.1 1.038
2400 1157.76 1.97660 .3502 6888.0 l.042
2450 1175.31 1.98384 .3513 6940.3 1.048
2500 1192.91 1.99085 3523 6992.7 -.0935 1.050
2550 1210.55 2.99754 5533 T045.4 -.0726 1.054
2800 1228.24 2.00482 3543 7088.3 - 1.058
2650 1245.98 2.01157 +3553 7151.3 -.0319 1.083
2700 1263.77 2.01822 +3562 7204.5 -.0120 1.087
2750 1281.61 2.02478 3571 7258.0 0075 1.070
2800 1299.49 2.05121 .3580 7311.6 0268 1.074
2850 1517.40 2.03755 5588 7565.4 0459 1.078
2900 1335.38 2.04379 3597 T7419.4 0647 1.081
2950 1355.38 2.04995 +36805 T475.6 .0832 1.085
3000 1371.43 2.05602 .3612 7528.0 .1015 1.088
3050 1389.51 2.06200 3620 75082.5 .1188 1.092
3100 1407.63 2.06789 .3628 7637.2 1375 1.095
3150 1425.79 2.07370 «3635 7692.0 1548 1.088
3200 1443.99 2.07943 <3641 T747.0 2721 1.101
3250 1462.21 2.08508 5648 76802.2 .1893 1.104
3300 14680.47 2.03068 3855 7857.4 +2061 1.106
3350 1498.78 2.09616 3661 7912.2 .2228 1.109
3400 1517.09 2.10159 -3667 7968.3 23592 1.111
35450 1535.44 2.10695 Pe-1:¥5-1 8024.0 .2555 1.114
3500 1853.82 2.11224 <5879 8079.8 2715 1.116
35850 1572.23 2.11746 .3684 8135.6 2874 1.118
5600 1590.67 2.12262 «3690 8191.6 «S031 1.120
3650 1609.14 2.12771 +«3685 8247.2 .3185 1l.122
3700 1627.63 2.13275 3700 8303.9 -.3538 1.124
3750 1646.14 2.135772 5708 8360.1 .3489 1.1286
3800 1664.689 2.14263 .3710 8416.5 -3638 1.127
3850 1683.25 2.14748 -3715 8472.9 .5786 1.129
3900 1701.85 2.15228 3720 8529.4 «3932 1.131
3850 1720.45 2.15702 <3724 8586.0 -4078 1.132
4000 1759.09 2.16171 3729 8642.7 -4219 1.133
4500 1926.54 2.20588 3767 9212.4 5561 1.144
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(a) Eydrogen-carbon ratio, 1 (CH); molecular weight, 29.896; stoichiometric fuel-air ratio, 0.07532.

ol ST EENT Ry

TABLE VITI. - THERMODYNAMIC DATA F(R STOICHIOMETRIC COMBUSTICN PRODUCTS (F VARIOUS HYTROCARBONS

[Fo atssociation assumea.]

NACA RM ES6Bz27

Temperature, Enthalpy, Constant- Specific ¥(h) (o) 1(cp)

T, - h, pressure heat,

R Btu/1b entropy, c,,

€,
Btu/(1b)(°R) Btu/(1b)(°R)

350 215.84 1.45149 0.2387 300.4 -0.6708 0.011
400 225.82 1.48356 .2405 301.4 -.6674 .028
450 257.89 1.51202 «2423 305.3 -.6628 <045
500 250.06 1.55765 «2440 308.0 -.6570 083
550 262.31 1.56101 .2458 309.6 - .080
600 274 .64 1.58248 2476 514.1 -.6424 .097
650 287.07 1.60238 2494 319.4 -.6339 .115
700 299.59 1.62096 . 325.5 ~.6245 132
750 312.21 1.63843 2531 355.1 -.6142 146
800 324.92 1.65483 .2550 340.7 -.6044 .158
850 357.72 1.67036 .2569 349.0 -.5844 =170
900 350.61 1.88511 .2588 358.2 -.56834 .182
950 363.60 1.89916 2608 387.5 -.5732 191
1000 376.70 1.71260 .2629 377.3 -.5632 200
1050 382.90 1.72548 <2649 387.5 -.5531 209
1100 405.20 1.75782 .2670 398.5 -.5437 217
1150 416.61 1.74974 2691 409.5 -.53357 224
1200 430.12 1.76124 .2712 420.9 -.5241 .25
1250 443.73 1.77238 2735 432.7 -.5144 2359
1300 457.49 1.78312 2753 445.4 -.5045 .245
13350 471.31 1.78682 2773 457.8 -.4878 .252
1400 25 1.80367 .2783 470.6 -.4858 .258
1450 4998.30 1.81352 2013 484.2 -.4765 264
1500 513.42 1.82310 .2832 487.6 -.4674 .270
1550 527.65 1.83242 .2851 511.3 -.4585 .276
1600 541.93 1.84150 .2870 525,.2 -.4486 .282
1650 556.38 1. .2888 540.0 -.4407 .287
1700 570.86 1.85905 2805 554.5 -.4320 293
1750 585.44 1.86750 +2923 569.2 - 4234 .298
1800 600.10 1.87877 2940 584.3 -.4152 303
1850 614.84 1.883585 2955 599.6 -.4069 «3038
1900 629.66 1.89175 +2970 615.1 -.3985 3135
1950 651.27 1.88949 .2985 726.9 -.39035 322
2000 659.51 1.80707 -3000 646.7 -.3822 327
2050 674 .55 1.91449 35013 663.2 -.3742 3351
2100 689.65 1.92177 3027 678.7 -.3662 535
2150 704 .82 1.92891 <3040 696.3 -.35584 339
2200 720.08 1.93592 .3053 715.2 ~.3508 +339
2250 735.36 1.94279 +3064 730.3 -.3430 343
2500 750.71 1.94954 3076 T47.6 -.3354 <547
2350 766.12 1.95617 .3088 765.1 -.3279 .361
2400 781.086 1.96268 .5098 775.0 ~-.5205 .354
2450 797.60 1.98908 .3109 800.3 -.3131 357
2500 8l12.68 1.97538 3119 818.5 - 361
2550 843.97 1.98764 .35129 854.9 -.2918 .567
2600 843.95 1.9876¢L .35135 854.8 -.2016 <364
2650 859.68 1.99364 .3147 873.4 -.2645 <370
2700 875.44 1.99952 3156 8g92.0 -.2775 373
2750 881.25 2.005352 3164 910.7 -.2707 376
2800 907.09 2.01104 3173 928.6 -.2639 379
2850 922.98 2.01663 .5181 948.6 -.2671 .381
2300 938.91 2.02220 .5188 967.7 -.2505 <504
2950 954.87 2.02766 .3196 887.0 -.2439 .586
3000 870.88 2.05304 35204 1006.4 -.2374 .388
3050 986.91 2.03934 3211 1025.9 -.2309 391
3100 1002.98 2.04356 .3218 1045.5 -.2246 395
3150 1019.10 2.04872 <5224 1085.2 -.2183 395
3200 1035.24 2.05380 <5231 1085.1 ~.2120 +397
3250 1051.40 2.05882 .3257 1105.0 -.2058 .399
3300 1067.680 2.06377 <3243 1124.9 -.1997 400
3350 1085.83 2.06865 3249 1145.0 -.1937 402
3400 1100.10 2.07346 .3255 1165.1 -.1877 <403
3450 1116.38 2.07822 .3260 1185.4 -.1818 405
3500 1132.70 2.08291 3265 21205.7 -.1760 .406
3550 1149.04 2.08755 3270 1226.0 -.1702 407
3600 1165.41 2.09213 3276 1246.5 -.1645 409
3650 1181.80 2.09666 .3280 1267.0 ~.1588 410
35700 1ns98.22 2.10112 3285 1287.5 «.15%2 411
3750 1214.65 2.10553 5290 1308.1 -.1477 .412
3800 1e31.12 2.10989 <5294 1324.8 -.1422 413
3850 1247.60 2.11420 .3299 1349.5 -.1368 414
3900 1264.11 2.11846 «3303 1570.2 -.1315 415
3950 1280.64 2.12267 +3307 1391.0 -.1262 .416
4000 1257.18 2.12684 <3511 1411.9 «.1209 .416
4500 1465.69 2.16805 <3547 1621.7 -.0715 422
5000 1651.78 2.20147 3579 18335.4 -.2694 424
5500 1801.16 2.23376 +-5598 2045.8 .0135 424
6000 1971.80 2.26341 .5418 2258.0 +O504 423
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TABLE VIIT. - Contimued. THERMODYNAMIC DATA FCOR STOICHIGMETRIC COMBUSTICH PRODUCTS (F VARIOUS HYTROCARBONS
[No dissociation assumed.]

(b) Eydrogen-carbon ratio, 2 (CHp); molecular weight, 28.807;. stolchiometric fuel-air ratio, 0.06763.

Temperature, Enthalpy, Constant- Specific ¥(h) #e) ¥o,)
. y h, pressure heat, P
ﬂ Btu/lb entrt;py, %5
3
&i Btu/(1b)(°R) Btu/(1b) (°R)
'
e 350 265.02 1.49442 0.2475 982.3 -0.0642 0.151
400 267.44 1.52764 2491 990.3 -.0421 .168
450 279.94 1.55711 .2508 999.1 -.0210 184
300 292.52 1.583563 2524 1008.7 -.0006 .201
5380 505.19 1.60778 .2541 1018.35 .0193 .218
800 317.93 1.62995 2557 1030.6 -0380 <235
650 330.76 1.65050 .2573 1042.8 .0585 <251
700 343.67 1.66965 .2580 1055.8 .0780 .268
750 356.68 1.68766 .2607 1070.3 0979 .282
800 369.76 1.70455 .2625 1084.7 .1165 .295
850 382.94 1.72053 2644 1099.8 1347 .507
300 596.21 1.73571 +2662 1115.9 .1537 .319
350 409.57 1.75017 2683 1132.1 17135 .328
1000 423.04 1.76598 2703 1148.8 .1883 .358
1050 436.60 1.7772% 2723 1165.9 .2052 <547
1100 450.28 1.78991 2744 1183.9 .2210 .356
1150 464.06 1.80216 .2768 1202.0 2575 3565
1200 477.94 1.81398 .2786 1220.4 .2529 <373
1250 491.92 1.82540 2807 1239.3 .2685 .381
1300 306.08 1.83646 .2828 1259.6 <2842 .589
1330 520.28 1.84040 .2849 1279.3 -30635 397
A 1400 534.58 1.85758 .2869 1299.4 .35137 -405
g 1450 549.05 1.868770 .2830 1320.9 .3283 413
=] 1500 565.55 1.87754 2910 1541.7 5426 421
1550 578.15 1.88711 .2929 1385.0 3564 -428
N~ - 1600 582.85 1.89645 .2949 1384.6 .3702 436
1 1650 607.70 1.90559 .2968 1407.3 .3838 443
o 1700 622.58 1.91448 2986 1429.6 .3972 450
o 1750 637.56 1.92516 3004 1452.3 4104 ~458
1800 652.64 1.93166 - 3022 1475.5 4230 469
v 1880 667.79 1.83996 3038 1499.0 .4358 -ATL
1800 685.02 1.94809 .35054 1822.7 4485 -478
1950 £698.335 1.95604 +.3070 1546.8 -4610 -485
2000 713.73 1.96383 3085 1671.3 AT54 -491
2050 729.20 1.97147 5100 1596.0 -4856 .498
2100 T44.73 1.97896 .5114 l621.1 4877 504
2150 760.34 1.98631 .5128 1646.4 5097 .510
2200 776.01 1.99351 .3142 1672.1 .5214 .515
2250 791.76 2.00059 3154 1698.0 53351 .521
2300 867.57 2.00754 .3167 1724.2 5446 <527
2550 823.43 2.01436 5179 1750.8 .5560 .532
2400 8359.55 2.02107 .5191 1777.4 .S673 5357
2450 855.34 2.02766 .35202 1804.5 .5785 542
2300 871.38 2.05414 3213 1831.8 5895 548
2550 887.48 2.04052 .3224 1859.4 +6004 553
2600 805.60 2.04678 3250 1886.9 .6407 .551
2650 919.82 2.05296 +3244 1915.1 .6218 .562
2700 936.06 2.05903 3254 19435.4 63524 .567
2750 962.38 2.08501 «3263 1971.8 .6428 571
2800 968.70 2.07080 3272 2000.5 .6552 .575
2850 985.08 2.07670 .3281 2029.4 6634 579
2900 1001.51 2.08241 3290 2058.5 6738 .583
2950 1017.98 2.08804 .5298 2087.7 -6835 .587
3000 1034.49 2.09359 3306 2117.2 +.6934 -591
3050 1051.04 2.09807 <3314 2146.8 7032 .594
3100 1067.63 2.10446 35321 276.7 .7129 .598
3160 1084.26 2.10978 .3328 2208.7 .7225 .801
3200 1100.92 2.11503 33535 2236.8 <7320 ~604
3250 1117.62 2.12021 35543 22687.2 <7414 -607
3300 11354.35 2.125351 3549 2297.6 . 7507 .610
5350 1151.11 2.15038 3355 2328.2 .7589 613
5400 1167.91 2.13533 +35562 23558.9 . 7690 615
3450 1184.74 2.14024 .35368 2589.8 7780 .618
3500 1201.59 2.14509 <3574 2420.8 . 7869 620
3550 1218.47 2.14988 - 33579 2451.9 7957 -.623
5600 1235.39 2.15461 .5585 2483.1 8045 .625
3650 1252.33 2.15929 .5391 2514.5 .8131 .627
3700 1269.30 2.16381 .3396 2545.9 .8217 -.629
3750 1286.28 2.16847 -3401 2577.4 .8302 6351
5800 1303.51 2.17298 +3406 2609.0 .8385 -633
3850 1520.35 2.1T743 5411 2640.7 .8468 .635
3900 1337.42 2.18184 <3418 2672.5 .8550 .656
- 3950 13554.51 2.18619 .5420 2704.4 -8632 .638
4000 1571.62 2.19050 +S424 2756.4 .8712 -639
4500 1543.89 2.25107 - 3464 3059.5 -9473 -659
5000 1717.92 2.26774 .3495 3587.2 1.0163 .658
5500 1895.38 2.30118 .3521 3717.6 1.0793 .662
8000 2069.95 2.33191. .35542 4049.5 1.1371 ~664-
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TABIE VIIT. - Contimued.

S ONETTENERRT,

NACA RM E56B2T

THERMODYRAMIC DATA FOR STOICHTI(METRIC CQMBUSTION PRODUCTS (F VARIOUS HYIIROCARBONS

[Fo atssociation assumed.]

(c) Bydrogen-carbon ratio, 3 (CHg); molecular weight, 28.2352; stoichiometric fuel-air ratio, 0.06215.

Temperature, Enthalpy, Constant- Specific +¥(n) ¥(o) #(e )
T, h, pressure heat, P
OR Btu/1b entropy, p»

bl

Btu/(1b) (°R) Btu/(1b)(°R)
350 284.80 1.52545 0.2539 1572.7 0.4809 0.272
400 297.53 1.58951 2554 1586.8 4992 .289
450 310.34 1.58971 .2569 1601.6 5345 305
500 325.23 1.61688 2584 1617.3 .5676 .321
550 336.19 1.64160 «2600 16335.68 .5990 .3358
600 348.23 1.66428 .261S 1651.1 .6291 +354
650 362.35 1.68528 2630 1669.2 .65681 370
700 375.54 1.70486 .2646 1688.1 .6863 .386
750 388.83 1.72326 .2662 1708.5 .T145 400
800 402.18 1.74050 .2680 1728.9 - 7408 413
850 415.63 1.75661 .2698 1749.9 .7661 425
900 429.18 1. .2716 1771.9 .7918 437
950 442.81 1.78704 2736 1794.1 .8159 447
1000 456.55 1.80114 2757 1816.7 .8390 -457
1050 470.38 1.81464 2777 1839.9 .8618 467
1100 33 1.82758 .2797 1864.0 .8832 477
1150 498.57 1.84008 .2819 1888.1 -9049 486
1200 512.82 1.85211 2840 1912.7 .9258 496
1250 526.77 1.86376 2861 1957.7 9463 505
1300 541.21 1.87503 .2882 1964.7 9672 514
1350 585.68 1.87915 +2903 1990.6 .9940 .523
1400 570.26 1.89656 2924 2017.1 1.0080 .532
1450 585.02 1.90688 +2945 2045.3 l.0252 542
1500 599.80 1.91680 2968 2072.6 1.0439 .551
1850 614.88 1.92666 .2986 2100.4 1.0620 560
1600 629.686 1.93618 3006 2128.7 1.0800 .569
1650 644.081 1.34550 .3025 2158.3 1.0979 .578
1700 659.98 1.95455 «3044 5187.4 1.1152 587
1750 675.25 1.96341 .3062 2217.0 1.13524 .598
1800 690.635 1.97207 «3081 2247.2 1.1488 605
1850 706.08 1.98053 .5097 2277.7 1.1655 .813
1800 721.62 1.98882 3114 2308.6 1.1820 .821
1950 7357.23 1.9969% .3131 23359.9 1.1983 .630
2000 752.95 2.00488 35147 2571.6 1.2143 .638
2050 768.71 2.01267 5162 2403.7 1.2302 646
2100 784.56 2. <3177 2436.2 1.2458 653
2150 800.48 2.02781 . 35192 2469.1 1.2613 .661
2200 816.47 2.03516 3206 2502.3 1.2766 .668
2250 832.55 2.04238 .3219 2535.9 1.2917 675
2300 £48.68 2.04347 .3232 2569.9 1.3066 .683
2350 864.87 2.05644 <5246 2604.3 1.3214 .690
2400 8gl1.12 2.06328 3257 2638.8 1.3360 .696
2450 897.46 2.07001 3269 2675.9 1.3504 705
2500 915.85 2.07663 .3281 2709.2 1.35647 .710
2550 930.27 2.08314 .3292 2744.9 1.37688 .716
2600 946.71 2.08954 .5303 2781.1 1.3928 LT22
2650 9635.30 2.095885 <3324 2017.2 1.4066 .728
2700 979.89 2.10205 «3524 2853.7 1.4203 T34
2750 996.55 2.10816 3534 2890.6 1.4338 740
2800 1013.24 2.11418 35543 2927.8 1.4472 +745
2850 1029.98 2.12011 5383 2965.2 1.4604 751
2300 1046.78 2.12594 .3362 5002.8 1.4735 756
2950 1063.62 2.13170 3371 3040.8 1.4865 .761
3000 1080.50 2.15738 3579 3078.0 1.4993 .768
3050 1087.41 2.14297 .3588 5117.4 1.5121 LI72
35100 1114.38 2.14849 +3596 3166.1 1.5247 .7718
. 31S0 11351.38 2.153393 «5404 3195.0 1.5371 .780
3200 1148.42 2.15930 <5411 32354.1 1.549¢ <784
3250 1165.489 2.16459 3419 5275.5 1.5616 .768
3300 1182.81 2.16982 . 5426 33513.0 1.5757 .792
¢ 3350 1199.75 2.17497 5432 5352.7 1.5856 .795
340C 1216.94 2.18006 « 3440 33592.6 1.5874 .799
3450 1234.16 2.18509 5446 5432.7 1.6091 .803
3500 1251.40 2.19005 3452 5472.9 1.6207 806
3850 1268.68 2.19496 .3458 3515.3 1.6322 .809
5600 1285.99 2.19980 3464 35535.9 1.6435 .812
3650 1305.33 2.20458 5470 3594.6 1.6541 .815
3700 1320.69 2.20931 3475 3635.4 1.6659 .818
3750 1358.08 2.21398 3481 3676.4 1.6769 .821
3800 1355.51 .2.21858 .5487 3717.5 1.6878 .823
3850 1372.96 2.22315 <5491 3758.8 1.6986 826
3900 1330.43 2.227€66 +3497 5800.1 1.7093 .828
3950 1407.92 2.25212 -3502 3841.6 1.7198 .830
4000 1425.45 2.23653 .3506 5885.2 1.73503 .832
4500 1601.88 2.27808 3548 4304.3 1.8284 .850
5000 1780.20 2.31566 .3582 4732.5 1.9196 .861
3500 1960.01 2.34993 -.3609 5165.1 2.0021 .868
6000 2141.06 2.38143 -36351 5600.6 2.0779 .872

Tieg
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TABLE VITI. - Conclnded. THERMODYNAMIC DATA FOR STOICHIGMEFRIC CCMBUSTI(QN FRODUCTS (¥ VARIOUS HYIROCARB(NS

NACA RM ES6B27

[Ho diesociation assumedzl
(d) Hydrogen-carbon ratio, 4 (cn;); molecular welght, 27.T741; stoichiomstric fusl-air ratio, 0.0580L.

3911

Temperature, Enthalpy, Constant- Specific ¥(n) +(o) ¥op)
T, h, pressure heat,
°R Btu/1b enl:gopy, op,
»
. Btu/(1b) (°R) Btu/(1b){°R)
350 307.33 1.54894 0.2587 2088.9 0.9202 0.379
400 320.30 1.58364 .2601 2108.3 9726 -394
450 353.35 1.61439 .2616 2128.4 1.0203 .410
500 346.47 1.64204 .2630 2148.3 1.0645 .426
550 359.66 1.66719 .2645 2171.1 1.1059 442
600 572.92 1.69026 .2669 2193.6 1.1450 438
650 586.25 1.71162 2673 2216.9 1.1824 AT4
700 599.66 1.73150 .2688 2241.0 1.2183 489
150 415.16 1.75020 .2704 2266.6 1.2557 .5035
800 426.73 1.7677) 2722 2292.1 1.2866 .516
850 440.38 1.78427 .2739 2318.3 1.3182 .528
900 454.13 1.79999 L2757 2545.6 1.3499 541
950 467.97 1.81496 L2777 2372.9 1.3795 .51
1000 481.91 1.82926 .2797 2400.8 1.4080 .562
1050 495.94 1.84286 .2817 2429.1 1.4359 572
1100 510,10 1.85608 .2538 2458.6 1.4623 .583
1150 524.34 1.86875 .2859 2488.0 1.4887 .593
1200 538.70 1.88097 .2881 2518.0 1.5141 .603
1250 §53.15 1.89279 .2802 2548.4 1.5391 .613
1300 567.81 1.80425 .2923 2381.1 1.5643 .624
1350 582.48 1.50847 .2945 2612.6 1.5953 634
1400 597.27 1.92606 2968 2644.5 1.6113 644
1450 612.25 1.93663 .2887 2678.7 1.6346 .654
1500 627.24 1.94670 .3008 2711.7 1.6572 .665
1850 642.33 1.95660 .3028 2745.2 1.6790 675
1600 657.53 1.96625 3049 2779.3 1.7007 .686
1650 672.90 1.97570 5069 2014.9 1.7221 .696
1700 688.29 1.98489 .3087 2850.0 1.7430 .706
1750 703.78 1.99387 .5107 2883.5 1.7657 .77
1800 719,39 2.00265 .3126 2922.0 1.7835 727
1830 735.08 2.0112¢ .5143 2958.6 1.8035 757
1900 750.82 2.0196% .35160 2995.7 1.8233 .746
1950 766.67 2.02788 3177 3035.3 1.8429 756
2000 782.60 2.03593 .3194 3071.4 1.8621 .766
2080 798.61 2.04385 3209 3109.9 1.8812 773
2100 0814.70 2.05161 .3225 3148.9 1.9000 .784
2180 830.86 2.05922 3240 5180.3 1.9185 793
2200 847.20 2.06668 .325¢ 35228.2 1.9369 .802
2250 863.42 2.07401 .3268 3268.6 1.9350 .810
2300 879.79 2.08121 3282 3309.3 1.9729 .819
2350 896.24 2.08829 3296 3350.5 1.9906 .827
2400 912.74 2.09524 .3308 3392.0 2.0081 .835
2450 929.32 2.10207 3320 3434.0 2.0254 .843
2500 945.96 2.10880 5333 3476.4 2.0426 .851
2350 862.63 2.11541 3544 3519.2 2.0595 .859
2800 979.40 2.12191 3355 3562.5 2.0762 .867
2650 996.21 2.12832 .3567 5605.8 2.0928 .873
2700 1013.07 2.13462 3578 3649.7 2.1092 .88l
2750 1029.99 2.140853 .3388 5695.9 2.1254 .887
2800 1046.96 2.14684 .3538 3738.5 2.1415 .894
2850 1065.97 2.15236 3408 5785.3 2.1574 801
2900 1081.04 2.15880 .3418 3828.6 2.1731 907
2950 1098.13 2.1647% .3426 3874.1 2.1887 913
3000 1115.31 2.17052 23435 3926.0 2.2041 .919
3050 1132.51 2.17621 3444 3866.1 2.2193 .925
3100 1149.65 2.18181 +3453 4012.5 2.2544 .930
3160 1167.03 2.18734 3461 4059.2 2.2494 .936
3200 1184.57 2.19280 3467 4106.1 2.2641 .941
3250 1201.73 2.19819 3477 4153.3 2.2788 .946
3300 1219.13 2.205%0 3484 4200.8 2.2933 .951
3350 1236.57 2.20275 3491 4248.4 2.3076 958
3400 1254.05 2.21392 3498 4296.3 2.3218 .960
3450 1271.56 2.21903 .350S 4344.5 2.3388 .964
3500 1289.10 2.22408 .3512 4392.8 2.3498 .968
3350 1308.68 2.22907 .3518 4441.3 2.3635 .972
3600 1324.28 2.23399 3524, 4450.1 2.37172 .976
3650 1341.93 2.23886 3530 45339.0 2.3907 .979
3700 1559.59 2.24367 3538 4588.1 2.4040 .883
3750 1577.29 2.24842 3542 4637.3 2.4172 .986
3800 1395.01 2.25311 3548 4686.7 2.4305 .980
3850 1412.77 2.25776 3553 4736.3 2.4433 .993
3300 1430.55 2,26254 .3558 4786.1 2.4561 .996
3950 1448.35 2,26688 3563 4835.9 2.4689 .999
4000 1466.18 2.27137 .3568 4886.0 2.4815 1.001
4500 1645.77 2,51367 .3612 5392.7 2.6008 1.024
s 5000 1827.33 2.35192 .5648 65908.7 2.7095 1.038
£500 2010.47 2.38683 .3676 6430.8 2.8090 1.048
6000 2194.88 2.41892 .5699 6956.8 2.9005 1.054
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TABLE IX. - THERMODYNAMIC DATA FOR STOICHIOMETRIC COMBUSTION PRODUCTS
OF ETHYLENE DECABORANE BjqH;3CoHs

[No dissociation assumed; molecular welght, 30.756; stoichlometric
fuel-air ratio, 0.07768.]

(a) Gaseous boron oxide B,0z.

Temperature, |Enthalpy,| Constant- Specific ¥(h) ¥(o) ¥(e,)
T, h, pressure heat, p
OR Btu/1b entropy, Cp>

@,
Btu/(1b) (°R) | Bt/ (1b) (°R)

1750 | mememee | e | mmeee -

1800 1244.41 1.87554 0.3081 9,506.9 -0.4067 0.491
1850 1259.86 1.88401 .3096 9,531.5 -.3932 .496
1300 1275.39 1.89229 .3112 9,556.5 -.3799 .501
1950 1290.99 1.90040 .3128 9,581.7 -.3668 .507
2000 1306.67 1.90833 .3143 9,607.2 -.3539 .512
2050 1322.43 1.91611 .3157 9,633.0 -.3412 .517
2100 1338.25 1.92374 L3171 9,659.0 -.3286 .522
2150 1354.14 1.93122 .3185 9,685.2 -.3163 .527
2200 1370.10 1.93856 .3198 9,711.7 -.3041 .531
2250 1386.13 1.94576 .3210 9,738.4 -.2921 .535
2300 1402.21 1.95283 .3222 9,765.3 -.2803 .540
2350 1418.36 1.95978 .3234 9,792.5 -.2686 .544
2400 1434.63 1.96659 .3245 9,820.9 -.2572 .548
2450 1450.81 1.97329 .3256 9,847.3 -.2459 .552
2500 1487.12 1.97989 .3267 9,875.0 -.2346 .556
2550 1483.48 1.98637 .3277 9,902.9 -.2236 .559
2600 1499.88 1.99275 .3287 9,930.9 -.2127 .562
2650 1516.35 1.99901 .3296 9,959.2 -.2019 .566
2700 1532.85 2.00518 .3305 9,987.6 -.1912 .569
2750 1549.40 2.01125 .3314 10,016.1 -.1808 .572
2800 1565.99 2.01724 .3322 10,044.9 -.1704 .575
2850 1582.63 2.02312 .3331 10,073.7 -.1602 .578
2900 1599.31 2.02892 .3339 10,102.7 «=.1501 .581
2950 1616.02 2.03464 .3348 10,131.8 -.1401 .583
3000 1632.78 2.04027 .3354 10,161.1 -.1303 .586
3050 1649.56 2.04582 .3361 10,180.5 -.1206 .588
3100 1666.39 2.05129 .3368 10,220.0 -.1110 .591
3150 1683.286 2.05669 .3375 10,249.6. -.1015 .593
3200 1700.15 2.06201 .3381 10,279.3 -.0922 .595
3250 1717.07 2.06726 .3388 10,309.2 -.0829 .597
3300 1734.03 2.07244 .3394 10,339.1 -.0738 .599
3350 1751.02 2.07755 .3400 10,369.1 -.0648 .601
3400 1768.04 2.08259 .3406 10,399.2 -.0558 .602
3450 1785.09 2.08756 .3412 10,429.4 -.0470 .604
3500 1802.16 2.09248 L3417 10,459.6 -.0383 .605
3550 1819.26 2.09733 .3422 10,489.9 -.0297 .607
3600 1836.38 2.10212 .3428 10,520.3 ~-.0212 .608
3650 1853.54 2.10685 .3433 10,550.8 -.0128 .609
3700 1870.72 2.11153 .3437 10,581.3 -.0045 .610
3750 1887.91 2.11614 .3442 10,611.9 .0036 .612
3800 1905.14 2.12071 .3447 10,642.5 .0117. .613
3850 1922.39 2.12522 .3451 10,673.2 .0197 .614
33900 1939.66 2.12967 .3455 10,704.0 .0277 .615
3950 1956.94 2.13408 .3460 10,734.8 .0355 .616
4000 1974.25 2.13843 .3464 10,765.6 .0433 1 .616
4500 2148.40 2.17945 .3499 11,075.5 .1163 .622
5000 2324.12 2.21648 .3527 11,387.1 .1819 .623
5500 2501.09 2.25021 .3550 11,698.8 .2413 .622
6000 2679.08 2.28118 .3568 12,009.7 .2954 .620

1T6g



3911

SuTNNEECTS 55

TABLE IX. - Concluded. THERMODYNAMIC DATA FOR STOICHIGMETRIC CGMBUSTICN PRODUCTS (F ETHYLENE DECABCRANE BlO CZHS

NACA RM ES6B27

[ﬂo dissociation assumed; molecular weight, 30.756; stoichiometric fuel-air ratio, 0.07768.]

(b) Condensed boron oxide B,0.

Temperaturae, Enthalpy, Constant- Specific #(h) (o) ¥(c.)
T, h, prassure heat, P
9R Btu/1b entropy, Cps

*
Btu/(ib)(°R) Btu/(1b)(°R)

350 454.22 1.32505 0.2428 5626.9 -2.4062 0.068

400 466.43 1.35776 2457 36%51.0 -2.3938 .099

450 478.79 1.38698 .2487 5636.9 -2.5789 154

500 491.31 1.41332 .2518 5644.4 -2.3634 .168

560 503.98 1.43748 2549 3653.8 -2.3457 .203

600 518.80 1.45979 2579 5664.8 -2.3265 <257

650 529.77 1.48057 .2610 3677.5 -2.3059 272

700 542.80 1.50007 <2641 3692.0 -2.2841 .506

750 5%6.17 1.51840 .26870 3708.3 -2.2621 555

800 569.539 1.53573 .2698 3725.7 -2.2397 .360

850 583.18 1.56219 2727 3744 .4 -2.2171 .585

800 596.90 1.56786 2758 3765.0 -2.1957 .409

850 610.75 1.58284 .2783 3786.0 -2.1709 428
10600 624.74 1.60233 .2811 3807.9 -2.0773 447
1050 638.86 1.61098 .2839 3830.7 =2.1260 +466
1100 655.19 1.62426 .2067 3856.5 -2.1038 484
1150 667.56 1.65708 .2895 5879.6 -2.0817 .501
1200 662.11 1.64947 .2924 3905.1 -2.0601 .518
1250 696.79 1.686147 .2951 5931.4 -2.0364 .535
1300 711.68 1.67310 .2980 5959.5 -2.0166 .553
1301.7 712,19 1.67343 .2981 3960.5 -2.01686 .553
1301.7 735.87 1.69141 3129 4284.9 -1.7672 .759
1350 750.75 1.70175 .35144 4321.6 =1.7523 .758
1400 766.49 1.71434 .5158 4359.8 -1.7115 757
1450 7682.3%9 1.72547 3173 4398.1 -1.6847 .156
1500 798.29 1.73626 .3188 4435.9 -1.65390 153
15650 814.25 1.74673 3199 44735.5 -1.63544 .751
1600 830.29 1.75691 .35212 4511.0 -1.6106 . 748
1650 B46.43 1.76683 3224 4548.8 -1.5877 .745
1700 862.57 1.77648 +3256 4586.0 -1.5654 2743
1760 878.79 1.78572 3248 4623.1 -1.5462 741
16800 895.09 1.79507 3260 4660.4 -1.5232 <758
16850 911.41 1.80402 «3271 4697.3 -1.5030 .759
1900 927.81 1.81276 .3283 4754.3 =1.4833 <738
1950 944.25 1.82130 <5294 4771.2 -1.4641 758
2000 960.7% 1.82966 3308 4808.1 =1.4454 .758
2080 877.32 1.85764 .3317 4845.0 =1.4272 .758
2100 995.93 1.84584 .3328 4882.0 -1.4034 .739
2150 1010.59 1.85369 5339 4918.9 -1.3820 .740
2200 1027.351 1.86157 5349 4955.9 ~1.5749 741
2250 1044.09 1.86891 3359 4993.1 -1.3582 <43
2500 1080.92 1.87631 3370 5030.3 -1.35419 <T44
2330 1077.79 1.88357 3580 8067.6 -1.35259 746
2400 1094.71 1.83069 5389 5104.9 =-1.5102 +748
2450 1111.69 1.89768 .35389 S1l42.4 -1.2949 <749
2600 1128.71 1.80457 3408 5179.9 =-1.2795 .751
23550 1162.87 1.9180 3426 8255.1 -1.2501 .7595
2600 1162.86 1.91796 3421 5255.1 -1.2501 .750
2880 1180.03 1.92451 5434 5295.1 -1.2355 .757
2700 1197.21 1.93093 3442 5351.1 <1.2214 .769
2750 1214.45 1.93726 54580 5369.0 -1.2074 761
2800 1231.72 1.94348 <5457 5407.2 <1.1937 7682
2830 1249.02 1.94961 .3465 5445.3 -1.1802 <764
2900 1266.357 1.95563 472 5485.6 -1.1689 766
2950 1283.75% 1.96158 .5479 5821.9 <1.1538 .767
3000 1301.16 1.967435 5486 5560.4 ~1.1409 769
3050 1316.61 1.97320 5492 5998.8 -1.1281 .770
3100 1356.08 1.97888 5499 5637.4 -1.1156 <771
3150 1355.60 1.98449 +3505 5676.0 -1.1052 773
5200 1371.14 1.99001 .3511 5714.7 -1.0910 <174
3250 1388.71 1.99546 3517 5783.5 -1.0790 775
3300 1406.30 2.00068¢% 3822 5792.3 -1.0672 776
3350 1423.93 2.00614 3527 5831.1 =1.0555 77
5400 1441.59 2.01157 .3833 5870.0 -1.0440 .778
3450 1459.27 2.01653 .3638 $909.0 -1.0326 .779
3600 1476.97 2.02162 3843 5948.0 -1.0214 .780
3530 1494.70 2.02669 3548 6987.0 =1.0103 .781
3600 15912.45 2.05162 .3553 6026.1 -.9994 .781
3630 1530.23 2.05652 3557 8065.2 -.90886 <782
5700 1548.02 2.04137 3561 6104 .4 -.9779 .783
3750 1565.84 2.04615 3566 6143.5 -.9674 .783
3800 158%.68 2.05087 .3870 8l82.7 -.9570 . 784
3850 1601.55 2,03555 .3574 6222.0 -.9467 .7684
3300 1619.43 2.06018 .3578 6261.2 -.9366 .785
3950 1637.33 2.08472 .3582 8300.5 -.9266 .785
4000 1659.25 2.08923 . 3586 6359.8 -.9167 .785
4300 1835.41 2.11166 .3618 6735.2 -.8241 .787
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CONSTITUENTS OF ATIR OTHER THAN OXYGEN

TABLE X. - THERMODYNAMIC DATA FOR STOICHIOMETRIC COMBUSTION PRODUCTS OF

[No dissoclation assumed.]

Temperaturs, Enthalpy, Coustant- Specific
T, h, pressure heat,
oR Btu/l1b entropy, ep»

P
. Btu/(1b) (°R) Btu/(1b) (°R)
350 1935.40 1.51637 0.2452
400 205.66 1.54914 .2455
450 217.85 1.57809 -2458
500 230.25 1.60401 2461
550 242.56 1.62749 2464
600 254.89 1.64894 2467
850 267.23 1.66870 .2470
700 279.60 1.68703 +2473
750 201.95 1.70418 .2478
800 304.37 1.72020 ~2486
850 3516.82 1.75530 2454
800 529.28 1.74952 -2502
950 341.82 1.76309 .2514
1000 354.43 1.776802 .2527
1050 567.09 1.78838 . 2539
1100 3579.80 1.80021 .2552
1150 392.60 1.81159 2587
1200 405.48 1.82255 .2582
1250 418.43 1.83313 +2597
1300 431.45 1.8433) 2613
1350 444.56 1.85320 -2629
1400 457.75 1.86279 2644
1450 471.01 1.87209 2660
1500 484.36 1.88114 2675
1550 497.77 1.88994 «2691
1600 511.27 1.89851 .2708
1850 524.66 1.90680 2721
1700 538.49 1.91504 2735
1750 552.21 1.92300 2750
1800 566.01 1.93080 2764
1850 579.86 1.95840 .2776
1900 595.78 1.94582 .2789
1850 607.76 1.95308 .2602
2000 621.80 1.96019 .2814
2050 £35.91 1.96716 .2825
2100 £50.08 1.97398 .2837
2150 664.27 1.98067 .2848
2200 678.54 1.98723 2858
2250 692.87 1.99566 .2868
2300 707.24 1.99998 .2878
2550 721.65 2.00618 .2
2400 736.11 2.01227 .2896
2450 750.61 2.01825 2905
2500 765.17 2.02415 .2913
2550 779.76 2.02991 .2922
2600 794.38 2.03559 .2929
2650 803.05 2.04118 2957
2700 825.75 2.04668 <2044
2750 838.49 2.05208 .2951
2800 855.27 2.05741 .2957
2850 868.07 2.06285 +2064
2300 882.92 2.05781 .2971
2950 897.78 2.07230 .2976
3000 912.69 2.07780 .2982
3050 827.61 2.08284 .2988
3100 942.56 2.08770 .2993
3150 957.55 2. .2999
3200 972.56 2.03723 +3004
3250 987.69 2.10189 .35009
3300 1002.65 2.10649 .35013
3550 1017.73 2.11102 .3018
3400 . 2.11550 .3025
3450 1047.97 2.11991 3027
3500 1063.11 2.12427 3051
3550 lo78.28 2.12857 3035
3600 1093.47 2.15262 5039
3650 1108.68 2.13702 5043
3700 1123.91 2.14116 3047
3750 1139.15 2.14528 +3051
3800 1154.42 2.14830 »35054
3850 1169.70 2.15329 .5057
3300 1185.00 2.15724 3061
3950 1200.31 2.16114 +3064
4000 1215.64 2.18500 .3067
4500 1369.74 2.20130 +.5095
5000 1625.06 2.35402 5116
5500 1681.34 2.26381 35154
8000 1838.42 2.29115 3148

NACA RM ES6B2T
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TABLE XI. - VAPOR PRESSURE OF SATURATED BORON OXIDE B30z

Temperature, |Vapor pressure, ||Temperature,|Vapor pressure,
°R pB203 °R szOs,
2
atm atm
1800 0.4384x1010 3000 36.52x10"°
1850 1.318 3050 53.38
1900 3.730 3100 77.00
1950 9.959 3150 109.8
3200 154.7
2000 25.25
2050 61.31 3250 215.7
2100 142.2 3300 297.3
2150 315.9 3350 406.3
2200 676.6 3400 54.79x10~%
3450 73.45
2250 1399 -
2300 2797 3500 97.41
2350 5423 3550 128.1
2400 .1021%10™° 3600 167.3
2450 .1875 3650 216.6
3700 278.7
2500 .3350
2550 .5845 3750 355.4
2600 .9963 3800 450.6
2650 1.662 3850 567.5
2700 2.725 3900 710.4
3950 883.3
2750 4.379
2800 6.912 4000 1092
2850 10.70 4500 6900
2900 16.37
2950 24.63
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Figure 6. - Continued. Therwodynamic data for etolchicmetric combustion products of hydrocarbon with hydrogen-carbon ratio
of 2 (Cﬂz), including effects of dlesociation. Fuel-air ratio (stoichlometric), 0.08790. .
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Figure 8; - Tharmodynamic data for stoichiometric combustion products of hydrocarbon with hydrogen-carbon ratic of 2 (GHp),

including effects of dissoclation. Fuel-alr ratio (stolchicmatric), 0.08780.

12995 W YDVN



Entropy, B, Btu/(1b)(°R)

I |
| ]
N ; 4
: . i :
A ! 1
1 vl t
‘ i I :
I 1l
A
7
ki |
na |
[ i
AR ) T
ﬁ I + i |
E 3800 : : "
o
N#r ) | 1]
E I 13 ¢ 3
1 s at I 5.3
A I l o i 1
Hd I,
10 Jr
il
[1]
2 an s
[T 1 :
I 7 '
e
2 ] 1Y
5200 : = n
Y s ]
i -
IRV i ‘ 3 45
p 4 i I
3000, %41} ¥ t !
100 10 1 .1 0L 001

Pressure, P, atm

(c) Enthalpy, 3000 to 4400 Btu per poumd.

116%

08

12d95® NI VOVN



aa

-

Molecular wvelght, M

(A

-
—

I

Al

Mo ese e o On
ORI LALL 2 J.’ n
T T T
\ ‘ e
£ : > L T
= T =
i H iastANEEN CEELE 30 Hi
H e HH
- = =
yors) e ] 1|i )
H H4 I
il L1 1]
i
] 5
= K =
Ny E
™ 1‘4 y
27 . + .
= T bl
) } 13
: 40001
| N )
RITTTT
- N, L
i I3 r:r O -
1 b il
2687
. 3
1 N 200
i NITT1 [7] N R [y []
al ‘
" ‘ T
M q Y
n [ "
- -
fov) o h
N il
=)
; L OO
A [y
M
¥
24 . i
Nia
MITTT
Q, 64001
LLLEY
11t 9
~ M
b
i 1|
23
7600 i
1L
NI TTTTN | N i
22 T 1S PRI T ] ; i}
100 10 1 WL 0L

Flgure 6, - Concluded.
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Thermodyoamlic data For stoichiometric corbustion products of hydrocarbon with hydrogen-carbon ratio
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Vapor pressure of saturated 3203, szos’ atm
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Figure 7. - Vapor pressure of saturated boron ocxide ZBZO:5
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